This book forms the proceedings 
of the International Conference on 
Liquid Crystals held in December 
1973, to mark the 25th anniversary 
of the founding of the Raman 
Research Institute, Bangalore. It 
presents original research papers and 
state-of-the-art reports by many 
leading liquid crystal scientists on 
a wide range of topics of current 
interest from the physics and 
chemistry of liquid crystals to their 
device applications. 

This authoritative volume will 
interest solid state theorists, 
biophysicists, surface chemists, 
synthetic organic chemists and 
graduate students. 






© Copyright Indian Academy of Sciences, Bangalore - 560006 

Edited by S. Chandrasekhar and Printed for the Indian Academy of Sciences 
BY Bangalore Book Printers, M. S. R. Industrial Estate, Bangalore - 560054. 



PRAMANA SUPPLEMENT 


LIQUID CRYSTALS 

Proceedings of the International Conference held at the 
Raman Research Institute, Bangalore, 3-8 December 1973. 


Edited by : $. CHANDRASEKHAR 




PREFACE 


This volume forms the proceedings of the International Liquid Crystals 
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Hydrodynamic properties of fluid lamellar phases of lipid/water 


F BROCHARD* and P G DE GENNES** 

* Laboratoire de Physique des Solidcs, Universite de Paris-Sud, 
91405 Orsay, France 

** College de France, 11, Place Marcelin-Bcrthelot, 

75231 Paris Cedex 05, France. 

(Translated by G. Clairon) 


Abstract. We investigate here the hydrodynamic equations and the 
low frequency collective modes of a fluid lamellar phase (lipid + water) 
of the L(x type. We find ( 1 ) the modes expected for smectics A, and 
in particular a second sound propagating with low velocities, (2) a 
mode of slip for the lipid layers. The latter should be observable by 
Rayleigh scattering, and might give information on the elasticity of 
the lipid layer. We also make an attempt to correlate the macroscopic 
parameters governing the modes to the microscopic interactions, and 
especially to the long range interactions between layers. 


1. Introduction 

A lipid molecule is composed of a hydrophilic group and one or several 
k)ng chains of paraffinic hydrophobes. In the presence of water, such 
molecules, display a variety of phases’. In all cases, the aliphatic chains 
are gathered in regions where water is excluded. We are concerned here 
^^ith the "‘lamellar' phases and specifically with the phase Loc (according to 
the classification of ref. 2). In this phase, shown in figure 1, the para- 
ffin chains are approximately liquid and there is no positional order 
within each lipid layer. Besides, we are assuming that there is no privi- 
leged direction in the plane of the layers (no cooperative tilt of the 
chains). Under these conditions, the symmetry of the phase La is that 
of a smectic A^. 

From a physicochemical point of view the ( water/lipid ) La phases 
can be classified into three groups, with slightly different properties^. 

(a) Un-charged lipids: Esters ( monoglycerids ) or molecules with 
compensated charge ( ‘ zwitter ionic’) (lecithins). In this type of 
materials, the thickness of the water layer is always small ( from 
5 to 25 A ). 

( b ) Charged lipids with only one aliphatic chain ( Common soaps ) ; 
HSre on account of the electrostatic repulsions ( mainly proportional* to 
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1//ib^ ) between loaded layers, one could have greater thickness of water 
However, in practice, La phases with a large are not observable in 
this group because they are in competition with other arrangements (rod 
phases, etc. ) which are energetically preferable when the percentage of 
water is high. 

( c ) Lipids charged with several chains : ( Mitochondrial lipids and chloro- 
plast lipids ) : Here, it appears that (by steric hindrance) the rod phases 
( etc. ) are not favoured. Consequently, the phases La remain observable 
even for strong percentages of water {h^ reaches up to 250 A )• 

For a theoretical understanding, the case of a thick water layer 

is more attractive, since the forces and movements can be described 

by' quasi-microscopic arguments. Unfortunately, the materials of 
group ( c ) are often poorly defined, heterogenous ; and not accessible to 
quantitative experimentation. Besides, when the water thickness is 

large the forces between the layers are very small and the ideal lamellar 
distribution of figure 1 is almost always disturbed by numerous structural 
defects. One is thus forced towards group ( a ) and ( b ) for which the 
microscopic analysis is more uncertain. This leads us to study the 

collective modes of the lamellar phase, based mainly on a phenomenological 
analysis independent of the detailed nature of ihe forces - ( sections 
2 and 3 ). However, when the thickness h^ is large, it is possible to 
express the phenomenological parameters in terms of simple microscopic 
parameters, such as the viscosity of the water. This will be analysed 
in section 4. 

The elasticity and large wavelength oscillations of a classical smectic A 
have been investigated from a microscopic point of view in ref.^* ■^. Let 
us recall here the fundamental aspects of this analysis. 

s 

( i ) The static elasticity of a smectic A can be reduced to a Landair- 
Peierls description where only the unidimensional displacement u of 
layers ( perpendicular to ; their plane ) comes into play. The elastic 


w m/miVA jULUu 
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Figure 1 Relative distribution of molecules of lipid and water in the La phase. (The 
. polar head of each.lipid molecule is shown as a circle ) ( According to V. Luzzati 
‘rcf.»). 
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energy has a ‘ mixed * structure where both the derivatives of order 
1 and 2 appear 


F 


i B 


( 


du \ 

dz ) 


2 


-f \K 


( JlfL 

\ dx^ 


+ 


d^uV 

dy^ ) 


( in which z is the normal to the layers ). 


( 1 ) 


This mixed elasticity has remarkable consequences : long range effects 
of distortion on the surface* ; abnormal structure of defects^ ; instability * 
under mechanical tension*®, etc. It will remain valid for the lamellar 

lipids. 

( ii ) The dynamics, takes into consideration not only the displacement 
u (with a dilatation of layers y « du/dz) but also the total change of 
the density ( total dilatation 0 ). The variables y and 9 are coupled : they 

give rise to two distinct modes of acoustical propagation. One ( first 

sound ) is mainly a longitudinal density wave. The other ( second sound ) 
is an oscillation of layers with an almost fixed density. ( The name 

‘second sound* is justified by a close analogy with superfiuid helium**). 
The second sound has been recently observed in Brillouin scattering experi- 
ments*^ and also by sound transmission*^. 

In the lamellar lipid phases, one also expects a second sound. A 
very rough estimation of the parameters ( section 3 ) leads us to antici- 
pate velocities Sj on the order 10 m/sec. But the most original aspect 
of the system La is different : it is a system with two chemically 
independent components. To use the language of ref. 7 the number 
of ‘conserved quantities’ is increased by one. Comparing with ref. 6, 
^one can state that the variables y and 9 are no longer sufficient to 
describe the local state of the system : it is necessary to know also the 
local concentration of lipid c or its shift from the value at equilibrium c^. 
We shall write 


*3 =- 



( 2 ) 


In order to build up the formal hydrodynamics of the phase La, it is the 

variable which is the most convenient. On the other hand, in order 

to connect the hydrodynamical parameters to the concrete properties of 
the layer, it is often much easier to introduce, instead of *3, the relative 

variation of the surface per polar head A, that is 



The quantities *3 are 8 are linked by the relation 

*3 * y + 5 


•( 4 ) 
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We now analyze the coupled hydrodynamic modes of C 3 , B and y : we 
see that including €3 ( or 8 ) leads to a new collective mode with low 
frequency in which the lipid layers are sliding with respect to the 
water ( figure 2 ). 

2. Principles of the dynamics 

2.1. Equations without friction 

, Let us start by writing the form of the elastic energy £ in a lamellar 
system with 2 chemical components, described by the variables 0 ( total 
dilatation), w ( unidimensional displacement of layers) and 8 (surface 
dilatation per polar head ). The energy E (defined here by cm^ ) com- 
prises at first the quadratic terms with respect to 3 deformations 

0 = Si 


y + 8 = 63 

This contribution can be expressed by 

ij 

(As in ref. 6 we are utilizing the symbol for the adiabatic coefficients, 
and the symbol C for the isothermal coefficients ). To the energy E\ as in 
any smectic A, further terms associated with the curvature of the layers, 
should be added^ : 





Figure 2 The mode of pure slip in the L, phase ( lipid regions hatched ) (a) lines pf 
flow ( b ) profile of the horizontal velocities. 
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» iK 


( 


d^ju 

dx^ 


+ 


V 

dy^J 


(7) 


(Let us stress that for the coefficients K there is no difference between 
adiabatic and isothermal. ) From the energy E one can define the main 
mechanical agents : 

( a ) the pressure 



J 


(b) the ‘vertical’ force ( parallel to Oz) on the layers, defined as id 
a classical smectic 



J 


(where the 8 / Sw is a functional derivative). 

(c) the force on the lipid fraction, / 

’ S'""’*' 

j 

We can then write the equation of acceleration of the fluid under the 
form 

pv = - Vp + f + g + viscous terms (11) 

where 9 represents the overall density, pv is the mechanical momentum 

•per 1 cm^ of material and v = - — . ( We are limiting ourselves to an 

• at 

approximation of small motions and we are neglecting therefore the 

difference between - and — \ — ). To this equation of acceleration, 
at at 

one must add the equations of conservation for the total mass : 

^ - div V (12) 


and for the lipid mass ; 

63 *= y + 8 == div Vl (13) 

where is the velocity of the lipid fraction. For the case which is of 
interest to us here, will differ from v mainly in the slip mode of figure 2. 


2.2. Scattering effects 

The structure of the viscous terms of equation 11 as well as the dissipa-tion 
associated with relative flows ( « — or Vl — v ), remain to be, defined. 
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In the first place, it is convenient to rewrite the terms of friction in 
eq. 11 by introducing a system of viscous tensions: 

<f'mt («, ^ - X, y. z) 

PV|»I.Ma, “ 5, (14) 

To analyze the scattering effects, one then calculates the entropy source 
TS by writing the evolution of the total energy from the acceleration 
equation. It is found that 

re - : Vv + - V,) + f. (?L ^ V) + E.J (15) 

In the form ( 15 ) we have included all possible type of currents J and 
the conjugate fields E. For instance if J is a heat current, £ - - VT/J. 
Hdwever, in the major part of this work, we shall ignore thermal 
phenomena for simplicity. 

Writing that the total dissipation remains unchanged, if one super- 
poses to the flow studied a simple rotation ( modifying in the same manner 
the three velocities v, u and Vl ) one can show that the tensor a' is sym- 
metrical. Therefore eq. ( 15 ) involves only the symmetrical part of the 
velocity gradient tensor 

: Vv (t'.p 

with A.^ =• i ( ^« Vp + V, ) 



Finally, from the entropy source ( 15 ), we can define fluxeij 
tf - V,, Yl - v, J) and forces g, f, £) in the thermodynamics 

of irreversible processes. In the domain of small fluxes, one can assume 

linear relations between fluxes and forces, with the following properties’. 

(a) The symmetry of the smectic phase A imposes that the pair 
(A, a' ) is not coupled to the other variables. The relation between c' 
and A is of the form * 

= ^y 6 ^a|3T6 ( ) 

where TJapT5 a viscosity matrix, explicitly stated in ref. 7 and which 
involves five independent parameters. Later on we will write this in a 
simplified form. 

(b) The forces and fluxes normal to the plane of the layers arc 

themselves coupled. We shall write these couplings without including 

the pair ( E, J ). Then one has 


(16) 

(17) 


Suiymation over repeated indices is assumed throughout this paper. 
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^ * ^22 ( M - V. ) + 1.23 ( Vi,. - V* ) ( 19 ) 

/. -* X.32 (« - V.) + X33 (vi,. - Vz) ( 20 ) 

with 1^23 ^32. 

The coefficient X 22 describes an effect of permeation, present even in a 
system with only one chemical component, and considered first by 
Helfrich*^- The coefficient Z /33 would describe an effect of diffusion of the 
lipid molecules from one layer to the other. The coefficient 1.23 connects 
these two mechanisms. But, in fact, for the lipids which interest us, all * 
these processes are extremely weak, on account of the small solubility of 
water in the fat regions and vice versa. For this reason, in the rest of* 
this work, we will completely neglect the permeation and diffusion normal to 
the layers. This amounts to making the coefficients L tend to infinity 
and therefore taking 

M - V. 

Vl, -V. ( 21 ) 

(c) For the component fi. of force f, projected on the plane of the 
layers, we have another simple phenomenological relation : * 

Mfi == - Vj. (22) 

The relative migration of the lipid with respect to water can be done 
by slipping, without overcoming any potential barrier : can easily be 

different from v^. We shall call the coefficient of slippage /jl. 

2.3. The incompressible limit 

In the thermotropic smectics A, (with only one chemical component) it 
is known by direct measurements^^ that the second sound is very slow 
compared to the first one : these two modes are then nearly uncoupled, 
and it becomes possible to calculate the properties of the second sound 
by imposing from the beginning 0 = 0, i.e., by considering the substance 
as incompressible*^. The lipid-water systems have interactions between 
layers which are looser than the thermotropic smectics A : therefore 
this approximation is surely excellent. It also simplifies the calculation 
of the modes. The consequences are the following : 

(a) the elastic energy (2) is reduced to a form with two variables. 
Here we find it more convenient to select as independent variables y and 
8 ( rather than y and ) and we write : 

4 Dll 7^ + D\i y 8 + 4 D%i 8^ ( 23 ) 

The corresponding free energy F' is obtained by replacing the coefficient 

by a similar set D. The coefficient B which comes in the static 


•For any vector, v, the symbol Vj^ represents the component in the plane of the layers. 
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description ( eq. 1) is obtained by minimising F' as regard to 8 (for y 
fixed. It is equal to 

B ^ - (DhjDii) (24) 

The stability of the system imposes the inequalities : 

B > 0 , />22 > 0 , i>33 > 0 (25) 


(b) From a dynamic point of view the incompressibility imposes: 

div V = 0 (26) 

The pressure p is no longer defined by ( 8 ), but becomes an unknown 
function, to be determined in the process of calculating, by condition 
(2^). In the limit (21) of no permeation, the equation of conservation of 
the lipid system can be rewritten in the form : 

div = 8 (27) 


In the incompressible regime, the viscous tensions a' are simplified : 
eq. (18) takes the explicit form 


2y), 


d Vz 
dz 


^ at ^r^a) 

■= Vt ( d a 5 P ) 

A priori there is still the possibility of adding to a'ap a diagonal term 


( or, ^ restricted | 
to x or ) 


(28) 


O’ vx = O- 


= const — 


dvs 


a. 


(29) 


But such a diagonal term can always be incorporated into the pressure p, 
and must therefore be omitted. 


Let us finish this section by a remark on the change of variables 
carried out in the equation (23): /.e., in passing from the volume 
dilatation £3 of the lipid fraction to the bidimensional dilatation ( in a 
layer) 8. 


This change of variable modifies the definition of forces. With £3 
and y one had the forces 



( 30 ) 


wirti 8 and y as variables, one has new forces f', s' 
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/'. - 0 


f'x “ 

s' “ 



(31) 


Writing e, — y + 8, one can show from (31) that 
/'x = /x 

s' = ? + /. (32) 

That is to say that all the physical observables are unchanged, as they* 
must be : the two descriptions are indeed equivalent. 


3. Collective inodes of low frequency 

3.1. Simplified calculation of oblique modes 

In order to simplify further the discussion of the modes, we are going to 
make an additional approximation : we will completely neglect the effect 
of viscous tensions However, we will still consider the slip co- 

efficient M- This procedure may seem unorthodox since we are thus 
isolating a friction mechanism among others. It is in fact justified for 
the following reasons : 

(a) The second sound modes are but weakly attenuated in the limit 
of very small vectors q : our approximation bears only on these small 
attenuation effects 

(b) As for the mode of slip shown in figure 2 the shearing stress 
{^escribed by the parameter m takes place within one layer, and is much 
more important than the shearing stresses on the scale of the wavelength 
iTrjq which are described by the viscous tensions < t '. 

This being admitted, let us find the modes for which the ampli- 
tudes vary like exp ( iq.r + io)/) and let us assume that 5 *^ 0, 0 

but qy = 0. Let us first study the following modes 

Vz 0 VX ^ 0 Vy = 0 

which are more interesting to us. The equation of acceleration (11), 
(free from the viscous tensions) taken in the form of equation (31) 
gives now the following : 

ia>pv, = - iqsp -f- g' 
icopv, = - iq^p 4-/, 

with 

g' - iq. [Dtz y + 8 ] 1 

A = iqx I Dh y + i>33 8 ] ) 


( 33 ) 
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(Let us stress that the curvature terms obtained from equation (7) are 
negligible in g' except for a particular case with which we shall deal 
later on). 

While writing 

div V = i ( V, + V, ) = 0 


we obtain 


^ ^ i(^, g' + g,f,) (35) 

We can eliminate p from the equation (33) and get 

i<0 ^ [y {Dti- Dh) + D^3)] (36) 

d 2 q^P 

Now using the slip equation ( 22 ) and the conservation laws ( 27 ) and 
(26), we arc led to 


dx 


av. 

dx 


+ M 


dx 


Ph. 

dz 


+ M - 


aA 

dx 


or 


« - y + M 


PA 

dx 


(37) 


( io) + M S + ^^23 ql)y - ^ ( 38 ) 


Equations ( 36 ) and ( 38 ) form a linear homogenous system for 8 and 
The solution is non-vanishing when the determinant A is equal to 0: 

t 

A = (<o2-<oJ )('<» + Mi>33 9")-<"i(i‘» + M^23 9j) = 0 (39) 

We have defined the following auxiliary frequencies 


qt 

<i >0 — 

q 


i 1 

- 

q.qx 

q 

D 33 - 2>23 J 

i 


We assume for the moment that q^ and q^ are both not equal to 0 and 
are comparable (oblique modes) so that u>o 0 and wi ^ 0, The roots 
of equation ( 39 ) are separated into two well defined groups : 

( a ) Modes of second sound ( u) relatively large ) 




<l)g + <0^ 


_ D^i + D^i-lDh 


P 


(41) 
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The form of the dispersion relation (41) is exactly the same as for a 
classical smectic A. ( We will discuss the orders of magnitude for the 
velocities in section 4). In the mode (41) one has practically 8 - y, 

that is to say £3 = 0 ( the lipid concentration remains unchanged ). 

( b ) Modes of slip ( o) small ) 


- icogi = 


Oil D 22 - i>23^ 

DI 2 + i>33-2i)53 


(42) 


This new mode is completely damped ( <0 is purely imaginary). In this 
mode the two velocities Vx and v, are different. The pressure p balances 
the horizontal tensions 


P = 


dj^ 

d h 


The pressure p balances also the vertical tensions 



The tensions are totally balanced and the terms of acceleration pv in 
the equation of motion are negligible. The equality 

dE _ dE 
as " dV 


gives the ratio of the amplitudes ; 


y _ 0^1 ~ Dll 

8 “ Dll - Dll 


(43) 


It is interesting to note that y / S ^ 0 even if the coefficient of coupling 
2)^5 is equal to 0. A slip (associated with 8) and a swelling (associated 
with y ) are always coupled by means of the pressure p. Let us point 
• out finally that the mode of slip is probably isothermal : therefore the 
coefficient in (42) and (43) should be replaced by the coefficients D, 


Besides these modes in which v, and v, are not zero which we have 
just classified, we must mention another mode of different polarisation 


Vy 5*5 0 

V. = V, = 0 

With our approximation of zero viscous tensions these modes appear 
static (<o = 0). A more detailed calculation including viscous tensions 
leads to a hydrodynamic transversal mode which is expected in all the 
smectics A and which has the following dispersion relation : 

yju q\ 4 - > 1 t qI 


- 10) =! 


P 


(44) 
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This mode gives practically no contribution to the scattering of light 
and is therefore of small interest. 

3.2. Inclusion of damping effects 

Let us come back now to the slip modes with v, and v, 0 and let us 
include the viscous tensions Cap which had been omitted in the previous 
paragraph. They are defined in the equation (28). Writing once more 
the complete equation of acceleration (11) and eliminating the pressure 
by div V 5= 0, one is led to the following simple relation 


[ia> (id) + ^ j y _ ^ g _ Q 

in which and a)i remain defined by equation (39). The quantity v 
is an effective kinematic viscosity depending on the orientation of the 
vector q, and defined explicitly by : 

p V = [ ■^M ( ) + 2 ( ] ( 46 ) 

(Naturally if by chance the three viscosities become equal, 

pv coincides with their common value). 


The equation of slip (38) remains unchanged : the determinant 
obtained from (38) and (45) is of the following type 

A' = - < 1)2 + ia)v q^] [id) + q\] 

+ d)2 ( id) + M ^23 ^ ( 47 ) 

The discussion of the roots of is not significantly modified when q is 
small and oblique 

(a) For the second sound one has now a slightly damped frequency 

0) = 0)2 + 4i [ + — — ( /)»3 - DIj) tj. q\] 

d)^ 


d) 


o>2 + i 


[ + 


DO, + DO, - 2D0, 




(48) 


The damping contains two contributions. One is due to the macroscopic 

shearing stress of the material and is described by v. The other results 
from the slip and depends only on q^. Detailed studies of the damping 
as a function of the orientation of q should in principle give all the 
coefficients of friction which we have introduced ( >)v, m)- 

( b ) For the mode of slip which takes place at a lower frequency one 
easily verifies that the damping caused by the viscosities does not modify 
the law of relaxation (42) as one considers only the lowest order in /» 
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3.3* Case where the wavefronts are perpendicular to the layers 

Let us examine now the particular case = 0. Then the frequencies <Up 
and 0)1 defined by equation (40) vanish, and (in the approximation 
without viscous tensions) one is led to equation (39) with a double 
root a> =» 0 plus a simple root oj 9 ^ 0 . We are going to discuss separately 
the meaning of these three roots : 

(a) One of the roots oj 2 :^ 0 corresponds to a mode of pure undula- 
tion^* as shown in figure 3. In order to determine a more accurate value 
of <0 we must include the terms of curvature occuring in the elastic 
energy ( eq. 6) and also the viscous tensions. We obtain then 

(49^) 

In this mode cr: 0 (the lipid concentration is not modulated). The 
mode of undulation must make an important contribution to the scattering 
of light^. In practice it is often masked by static undulations existing in 
the material and mainly due to the irregularities of their limiting 
surface®' 




1m 



Figure 3 Pure undulation mode : the distance between layers and concentration in lipid 
are not modulated. 


( b ) The second root <u 2 ^ 0 is associated with simple shearing ( v, vary- 
iifg with X ) analogous to the transversal mode of isotropic fluids. Here 
alsib to calculate correctly the relation of dispersion we must take into 
^ consideration the viscous tensions : the result being the following : 

’Jm ql . _ , 

— UUghear — ( 50 ) 

P 

This mode occurs at a higher frequency than the previous one and is 
probably difficult to observe in light scattering. 

(c) The third root which appears directly while making = a)i = 0 
in equation (39) describes the pure mode of slip in figure 2. Here the 
total velocity v vanishes, but the relative velocity of the lipid is not 
equal to zero. The dispersion relation is 

— ia>aiip = M (50 

Let us note that (51) differs from (42): this special behaviour of the 
modes = 0 is a constant property of lamellar structures. The frequencies 
of slip and of undulation are probably comparable. • 
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From an experimental point of view the mode ( 51 ) ought to have an 
intensity comparable to that of Brillouin doublet in oil — that is to 
say, much weaker than the intensity due to a mode of a pure undulation. 
It is in principle possible to eliminate the latter by a suitable selection 
of polarisation®-® but it is not certain that this precaution will be suffi- 
cient. It is, therefore, preferable to study the mode of slip by utilizing 
oblique wave vectors q : the slip must then give a Rayleigh scattering 
well separated in frequency from the second sound (figure 4). 

After the case == 0 we ought to discuss the other special case 
= 0. But the behaviour for q* = 0 is controlled by the permeation 
process'^. This seems difficult to control in a phase L» : the migration 
of molecules through the layers will always be facilitated by defects in 

the structure (dislocations, focal conics, ). For this reason the 

modes (|fg = 0 do not deserve special attention at the moment. 



Figure 4 Spectrum of inelastic scattering of light from the L* phase with the scattering 
wave vector q oblique with respect to the layers. The central Rayleigh com- 
ponent would be caused mainly by slip. 


4. The water-rich phases 

As explained in the introduction, the case of lamellar systems L» with a 
large water thickness hg is difficult to study experimentally, but interesting 
theoretically : 

( a ) the lipid layers are only weakly coupled, hence the elastic para- 
meters will be much smaller than those obtained for thermotropic smectics. 

(b) the dominant interactions are more or less independent of the 
details of the molecular structure. 

( c ) the mechanical behaviour of water is ( probably ) well described 
by the viscosity >)b of bulk water. 

Therefore, we are going now to concentrate on the limit of large h^, 
and try to connect the macroscopic coefficients introduced in section 2 to 
some microscopic parameters. 

4.1. Energies of interaction and static elasticity 

We are going to limit ourselves to the case of charged lipids to which 
water has been added fnn cait .i.- • - 
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where h^ is large. The energy of the electrostatic repulsion between 
layers has been analysed long ago^ : for large it takes a form totally 
independent from the charge density ( due to the polar heads on one 
interface). For two opposite lipid layers one gets (per polar head) 



(52) 

(53) 


where A is the surface per polar head, D the dielectric constant of pure 
water and e the charge of the counter-ions. Instead of the thickness d 
of a layer {d ^ h^) it is sometimes convenient to take into 

consideration the total concentration in lipid c ( molecules / cm^ ). Since 
each lipid layer has two surfaces one can write 


c A d 

and for the electrostatic energy 


(54) 


\ Q c A^ 


(55) 


The Van der Waals attractions between layers give a contribution 
(per head) of the following form^^ : 


-MA _ _ ^ 

llTzd'^ 487r A 


( 56) 


The quantity M has the dimensions of energy. When d is very small 
compared to the ultraviolet wavelengths of absorption of the material, 
M is independent of d. For greater values of d, M decreases according 
tg a complex law described in ref.*^. A typical value of M is ergs 

fos d = 100 A. 


Finally, as Parsegian^ has noted very early, one must include the 
interfacial energy lipid-water. In order to discuss it let us first define a 
surface Aq per polar head which is the equilibrium surface for a double 
lip d layer immersed in a very great thickness of water {d-^oo). This 
surface is realized in a Mueller membrane*^. For the values of d which 
are of interest to us the surface A will be slightly different from Aq, It 
is then correct to write the interfacial energy under the simplified form 
( per polar head ) 

F'xni = constant + i X {A - Aq)^ (57) 

Here X is a coefficient of compressibility ( of the order of 10^* CGS ). 
The form (57) ensures that A Aq in equilibrium whereas the other 
energies (F^i and Fy^) are negligible (</“>oo). 

While minimising F^ + Fvw + Fiat for a concentration c well defined 
and fixed, one can calculate the surface of the equilibrium i4eq(by ’fhc 
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resulting law is usually complicated, but it is simplified within the 
limit for small c {d large) because when d increases the Van der Waals 
interactions are decreasing much quicker, than the electrostatic inter- 
actions. Therefore, one gets 

“ 1 + QCIX 

This simple law gives a reasonable fit to the classical measurements by 
Skoulios^ on soaps ( for which however the thickness ha is not very 
great. ) 

We are now going to study the fluctuations around the equilibrium 
value ( 58 ) and around the average thickness d, to calculate the isother- 
mal rigidities D 22 , ^> 23 , defined in analogy with the equation ( 23 ). 
For that, we have to relate the variables A and d to the microscopic 
dilatations h and y 


A - A,, 


d - 


(59) 


After two differentiations of the form Fd + Fyw + we obtain the 
following equations : 


(a) For the coefficient of ‘vertical rigidity’ of the layers 

M 


D22 = 




J?2 

d^~ 

126 

d^ 


JQ 

d^^ 

{d large) 


Acq — Aq 




This corresponds to values Du ^ 10^ CGS for d ^ 100 A • 

(b) For the coefficient of ‘horizontal elasticity’ 

Du = X c Aq 
Typically Du W CGS. 

(c) For the cross coefficient 

Di^ 


d^ 

^23 ^ i D 22 


^ (1 + - 4 ^) 


AQ- 

di 


(60) 

(61) 


(62) 


(63) 

(64) 


Finally, we have to estimate the coefficient of the energy of curva- 
tufe defined by ( 7 ). This term is due mainly to the lipid regions. 
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One can therefore, write 

in which k is a characteristic coefficient for the energy of distortion in 
an isolated double layer. This coefficient has been discussed recently by 
Helfrich^® in connection with the elastic properties of vesicules. He 
estimates k 5‘10-^3 

Finally, from these order of values we can try to draw a few 
conclusions regarding parameter B (defined by eq. 24) and the character- 
istic length A = ( BjK )^. These two parameters are those which control 
the whole static elasticity ( refer equation 1 ). They could be measured 
by experiments of the type described in reference®. Our estimate ( very 
approximate ), for d = 100 A, is B 10^ CCS and A ^ 100 A. If 
ignore the difference between adiabatic coefficients and isothermal coeffi- 
cients this leads us to second sound velocities ( eq. 41 ) on the order of 
10 m/sec. 


4.2. Coefficients of friction 


The most interesting factor here is the coefficient of slip /jl. One can 
obtain it simply by examining a case of uniform slip where water flows 
parallel to the lipid layers (figure 2b). It is important to note that 
there can be no velocity within the lipid region : ‘tails’ cannot have a 
velocity different from the ‘heads’ and the ‘heads’ on the two sides of 
a lipid layer have the same velocity for the mode under consideration. 


Let us use a reference frame where the lipid layers are at rest (Vi, = 0). 
The profile of the velocity in the aqueous region has the Poiseuille form : 


V (z) = -a ( — i hi^ (65) 

fof which we have taken the origin of all the z’s at the middle plane of 
^ the aqueous region. The constant in equation (65) ensures that v = = 0 

at the lipid-water interface (z = ± hpJ2). The average water velocity 
associated with the profile (65) is 




1 AJ2 
_ j 
*■= -hJ2 


d z V (z) == 


a hi 
6 


( 66 ) 


The hydrodynamic velocity v is the weighted average 


^ hs Pe v e + h i Pl Vl (67) 

Ae Pe d- Pl 

where and P^ are the density in the two phases. Here, since *« 0, 
we have 


a p R hi 

Pe h]^ "h P hi, 


V = J 


( 68 ) 
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and the equation which defines ^ as a function of v. Besides the force 
per cm^ on an lipid-water interface is 




dz 


z = hJ2 


‘*3e ^ 


(69) 


The force on a lipid layer is twice as large (because there are two sides) 
and the force per cm^ is : 


/ 


- 2a y)E 
d 


(70) 


We introduce in equation (70) the value of a, which has been inferred 
from (68) and we compare the result with the definition of ju ( eq. 22) ; 

= Vl - V - - V (71 ) 

The result is 


1 Pe h^^d 

12 Pe He + Pl ''Ob 


(72) 


In the limit he > hi this reduces to /i 


d^ 

12 toe 


In view of the diflSiculty of the problem we have not attempted a 
systematic study of the macroscopic viscosities t)v, >)x> *011 as functions 
the microscopic parameters. However, one can think that the coefficient 
7)i must contain an important contribution due to the lipid fraction : y)x 
is associated to distortions for which v,, for instance, varies along y ; 
these distortions are also involved in the surface viscosities of a mono- 
molecular film^^. One expects, therefore, a coefficient tqt of the following 
type 

V), = (73) 


in which is a high viscosity. As for the coefficient tqm* which is 
related to a relative slip of successive layers, one is tempted to infer it 
from an equation of the following form : 







(74) 


in which ‘'11 is another viscosity of the lipid medium associated to a 
relative slip of the two halves of the hydrophobic layer and is probably, 
rather large. One would get then 
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Finally the viscosity probably involves complex processes ( connected 
perhaps to the change of thickness of the lipid double layer when its 
surface per polar head changes ) and we are not able to make predictions 
on Y)v. 

It is important to note finally that the components of the viscosi- 

ties which are associated with the lipid ( for instance rji and t)l in the 
above discussion probably show a strong dependence on frequencies : the lipid 
has long relaxation times. Some of these relaxation times (going up to 
10"^ sec) are already known through nuclear relaxation^® : it would be 
very interesting to compare this information with mechanical measure-, 
ments (second sound and first sound) determining tq ( a> ). 

5. Conclusions 

The observations of the collective modes in a lamellar phase La could 
give us some information regarding the interactions between layers and 
also on specific dissipative processes of the lipid region. 

The second sound may be difficult to observe because of the viscosi- 
ties which are introduced by the lipidic component : In order to have 
narrow lines, one should, in principle, utilise very small values of q, that 
is to say, develop a special technique of Brillouin scattering with small 
angles and low frequencies. However it is also possible that the classical 
Brillouin measurements (high cd 10*® sec“* ) may give an acceptable 
spectrum if, for these high frequencies, the lipid behaves just like an 
elastic solid ( the viscosity >}l (<*>) becoming purely imaginary). 

The mode of slip could be detected in Rayleigh scattering with 
jblique wave vectors. (This is advantageous since one does not need a 
very well oriented specimen). Incidentally this mode must exist not 
only in a lamellar phase, but also in hexagonal phases. 

One should insist on the fact that our discussion of the orders of 
magnitude in Section 4 is very brief. For instance, we have estimated only 
the isothermal elastic coefficients and not the adiabatic coefficients which 
are taken into consideration for the second sound. We have poor know- 
ledge of the friction coefficients except (fortunately) for the parameter m- 
We have also ignored all the phenomena which appear outside the 
macroscopic limit ^ 0, < 0 0. In fact, at least for large water thick- 
ness, it is possible to extend the analysis to ^ Ijd. If one assumes 
that the predominant friction is due to the water ( rather than to the 
lipid) one finds^^ the so-called ‘peristaltic’ modes already discussed by 
several authors in connection with thick soap films^^. 
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DISCUSSION 

( The oral 'presentation by Dr de Gennes included a more general 
coverage of the smectic state, to which the following discussion refers ). 

Janik : Don’t you think that the Apollonius effect could be studied by 
the positron annihilation method ? 

de Gennes: I know very little about positron annihilation in insulators. 
For smectics A or for nematics, an interesting situation would occur if 
the annihilation took place preferentially on defects of the structure 
( disclinations, dislocations, focal conics). 

Schnur : Could precise specific heat or volume measurements be an appro- 
priate technique to determine the reality of the model of the texture in 
smectic A you have described? 
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de Gennes : I fear that the volume fraction which is strongly distorted is 
too small to give an observable effect. 

Schnur : Is always a scalar when doing dilatometric experiments on 
smectic phases? 

de Gennes : AV probably scales like the energy in most transitions ; the 
dilation coefficient and the specific heat should have similar singularities. 

Rustichelli : I think that x-ray diffraction, although it is not able to. 
confirm the Apollonius solution, could be used to exclude the grain 
boundary solution. Indeed this solution should produce two peaks differ- 
ing by 7 c/ 2 angle when the sample is rocked in a monochromatic beam. 

de Gennes : We do not know the density of grain boundaries. Scattering 
of x-rays by dislocations in smectics seems to be a much more complica- 
ted problem than scattering of x-rays by dislocations in solids. Wc must 
first have the optical analogue of x-ray topography. By light beams one 
should be able, if you have a few dislocations, to see them as curved 
wedges. It comes close in spirit to your Borrmann effect.* 

I am worried about all small angle scattering studies. There are too 
many effects to be considered. 


Nityananda R, Kini UD, Chandrasekhar S and Suresh K A, this conference. 
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Abstract. Recent light scattering experiments in smectic A in the 
homeotropic geometry are reviewed. As predicted by de Gennes, the 
dominating scattering process is the layer undulation. This undulation 
can be static and reveals the defects of the plates which sandwich the 
sample. It can be dynamical, from thermal excitation of the mode 
predicted by de Gennes ; it is then quenched by the plates for low 
wave vector. These experiments give an accurate way to measure the 
penetration length of de Gennes and the diffusivity of orientation in 
smectic A materials. 


Introduction 

Nematic liquid crystals give rise to an intense Rayleigh scattering. 
Observed long ago by Chatelain*, it has been explained by de Gennes^ 
in terms of thermally excited angular fluctuations of the “director’* n, 
the local mean molecular orientation. The Orsay group has predicted* 
apd observed^ the dynamics of these fluctuations. Since then, many 
Rayleigh scattering experiments have allowed interesting measurements in 
nematics, from for instance the stabilizing effects of external fields*, to the 
critical divergence of the twist elastic constant close to a quasi second 
order smectic A to nematic phase transition®. Smectic materials are also 
expected to give rise to a strong Rayleigh scattering, at least because they 
are made of anisotropic molecules ; their angular fluctuations are as 
strongly coupled to light waves as in nematics. De Gennes has shown*^, 
however, that the existence of spatial correlation in smectics ( the 
“ layered ’’ structure ) forbids the thermally excited angular fluctuations of 
the director to have a large amplitude, except for the “ layer undulation ’* 
mode, of wave vector q parallel to the layers. In fact, for usual samples 
contained between glass plates, light scattering has first been observed from 
static wall induced layers, undulations** ^ observable because of the anoma- 
lously large*® penetration length of these distortions ; the thermally excited 
dynamical undulation mode has only been observed** very recently. In 
this paper, we review the Rayleigh scattering experiments on smectic A 
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performed at Orsay ; wc explain the quenching effect of the walls ; we show 
how the spatio-temporal analysis of the scattering allows the measurement 
of the penetration length of de Gennes and of the angular diffusivity of 
the director in a smectic A. 

1. The wall quenching effect 

The glass plates boundaries limiting an unusual smectic A sample of 
homeotropic orientation can have two different effects on the structure of 
the material. First, when they are not exactly planar, they force a layer 
static undulation to adjust to their irregularities, at least for small enough 
amplitude and wave vector (the layer normal displacement u should be 
smaller than a layer thickness a, with qu < \ ). Let us call 5 the elastic 
constant associated with layer compression at constant temperature, as 
defined in ref. 7, and K the Frank splay elastic constant of the smectic 
material. A small amplitude plate undulation will be damped normally 
to the layer on a length L defined by A I = 1, where A is the penetration 
length of de Gennes A - {KjB)^ , of the order of a. A is much larger 
than in nematics, where it is defined as: ^A 1. The large multiplying 
factor A)“^ comes from the fact that, to relax the splay distortion im- 
posed by the undulating plate (weak curvature elasticity), one has to allow 
a layer compression or dilation (strong normal elasticity); as the associated 
distortion energies must be comparable, the undulation damping takes an 
unusually long distance to settle. Of course, for sample of finite thickness 
d, one can immediately classify the plate undulations by their wave vector, 
introducing the critical value defined as qlAdjn := I . When q is smaller 
than qey static undulations enter all the material ; on the other hand, they 
remain localized close to the plates when q is larger than q^. 


W//////////////////A 

(Q) (b) 

Figure 1 A homeotropic smectic A sample, between two glass plates. In (u) an 
imperfect plate imposes a static undulation of the smectic layers ( L'>-d), In 
(6) a thermal undulation of the layers implies a compression (or dilation) 
of the boundaries layers and is quenched by the plates for low 
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perfectly planar plates have a more subtle effect on the structure. They 
play more or less the same role as a stabilizing (magnetic) field, by 
quenching the angular fluctuations of the director of wave vector q smaller 
than To understand this effect, we write, as in ref. 7, the free energy 
density F associated with a layer displacement w(z), where z is the 
normal to the layers, 


F = i IB 

= iX [A-2 

here d^uldx^ stands for the divergence djdxid), with 6 = duldx, the 
tilt angle of the layer, supposed to be in the x, z plane. The undulatfon 
modes can be defined by their wave vector (q^, qj^) with the boundary 
condition q^ = ± linld) (/is an integer from 1 to oo). Expressed in 
terms of w, F presents a minimum at q^ = 0, as would a ncmatjc. How- 
ever, light scattering intensity I is proportional to the mean square of the 
angular fluctuation 0 q^u. F can be written now as 

F = h K\F { y - 4 - + q^x ] 
aA q^x 

= i F (P q^fq^x + q^x) 6^ 

the thermal average of is now 


< > = 


k^T 


K(q\ + Pqtlq^x) 


I 


(k^ is the Boltzman constant and T the absolute temperature). 

• 

The light scattering intensity I is maximum for q^ = l^ qc- For the 
fundamental mode ( / = 1 ), the maximum appears at qx — ^c* Physically, 
this maximum is easy to understand ; for large qx, 6^ decreases as qx~^ 
as it would in a nematic material; the undulation wave vector is almost 
parallel to the layers and does not imply layer compression (L is much 
smaller than d). For small q, the nematic-like contribution vanishes, but 
a given 0 implies a large layer compression (L is now much larger than 
d), diverging at = 0. 


We can make an estimate of the damping time t of the layer 
undulation in a perfect material. As long as the angular fluctuations of 
the director remain purely damped (see ref. 7 and 12), by analogy with 

1 K 

the splay mode of nematics^, one can write: — “ 

where >) is an effective splay viscosity for the smectic. Of course, in the 
presence of boundaries, should be q dependent to take into account the 
different friction between the shear flow in the bulk and the backflow 
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close to the boundaries, and also the permeation. We assume that these 
effects are negligible close to (and of course above) q^. Another effect 
could be observable, in principle, in the presence of boundaries, q^ is 
fixed to Tjjd and the undulation mode could merge, for low into a 
propagative “second sound” mode (see ref. 7). To estimate this effect, 
we compare the transit time t of second sound across the sample, to t. 
The second sound velocity^ is of the order v ^ 8 (B/p)^ where p is the 

Itt 

specific mass of the liquid crystal and 8 ^ qdq = ; writing t > t gives 

jr 

the condition ( A/i)^ < ^-independent of /, for the purely damped regime; 

K K. 

the usual ratio of the diffusivity of orientation K/>) 

tg the diffusivity of vorticity >)/p, of the order of 10“^. One sees that for 
all samples of reasonable thickness (i/> 2000A), the pure damping 
condition is always fulfilled. In this naive approximation (no permeation, 
>) independent of q), one immediately sees that the damping rate l/-r 
should be maximum for the same value of ^c) which 

maximizes /. 

These properties of the smectic texture of finite thickness around 
Ql = ^c» have of course a wider application than light scattering. For 
instance, q^ is known to be the wave vector of the lowest threshold buck- 
ling instability of smectic A under dilation, or under a destabilizing field. 
This is easy to understand. In these phenomena the anisotropy of the 
smectic material is involved though the coupling energy of interaction 
with the applied field (say H) of the form J X, 8^, where Xa is the 
anisotropy of susceptibility, and 6 the angle between n and H. To find 
the threshold for a structure distortion, one has to express F in term of 
8 ^ ; as explained previously, ^ minimizes F, and corresponds to the 
lowest threshold. 


2. Experimental results 

We consider always a smectic A in an homeotropic geometry. The 
eigenmodes of propagation in such a strong uniaxial material, are the 
ordinary and extraordinary waves, of wave vector ko and kg. As explained 
in ref. 8, the scattered light (k') is concentrated on cones of axis n, 
when one considers only momentum transfer q = kL - k' parallel to the 
layers (figure 2). (Here kL is the laser illuminating wave vector ordinary 
or extraordinary polarized ). These cones correspond to | k^' | = const. 

or I kc' I = const. In fact, as q^ can be / ~ , one should find some 

scattering on adjacent coaxial cones, but its intensity is expected to 
decrease rapidly. 

The first observation^ of Rayleigh scattering on smectic A showed the 
existenge of an intense conical scattering which, analysed through a light 



■2 



Figure 2 The conical geometry for Rayleigh scattering in a smectic A, when the 
momentum transfer q is parallel to the layers. The cones correspond to 
I k'o I = const., where is the (ordinary) scattered light wave vector. P is 
a plane parallel to the layers. The sample is placed at point 0, / is the 
trace of the (extraordinary) incoming laser light, s and a' are the points 
which illuminate under dilation (Is is proportional to q ). They are located 
close to the maximum q extension of the static signal from glass plate defects. 



Figure 3 A picture of the screen P showing the 2 bright spots on the scattering cone 
of figure 2. This indicates a transient layer undulation at ^ ^ ♦when* the 

sample is under dilation ( by courtesy of R. Ribotta ). * 
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Figure 4 Linear dependence of qc^ versus the inverse thickness of a sample of 
CBOOA. The slope of the line gives X == 22 ± 3 A. 


beating spectrometer, was found to be static diffraction of light. From 
the aperture of the cone, one deduces immediately the ratio of the indices 

and The angular dependence of the scattered intensity on the cone, 
apart from a trivial extinction in the plane of symmetry (figure 2), showed 
a decrease for large Samples of smaller thickness ( 100 m < 800/U ) 
showed a larger qj^ extension of the static signal. This observation was 
consistent with a scattering from layer undulation, induced by irregular 
plates. For q^ < ^c> the perturbation of the layers extends in all the bulk 
(L > d) and gives a large scattered intensity. 

* These observations became quantitative when a mechanical dilation was 
applied on the sample^^ (the first one was in fact an uncontrolled dis- 
turbance of the sample ; the dilation was later controlled by piezoelectric 
ceramics). In that case, at about the maximum extension of the static 
signal, one sees the transient appearance of two bright spots (figure 3). 
These spots are evidence of a regular undulation of the texture, visible 
under a microscope, of definite wave vector length q^ but of random 
orientation. In fact, a plot of q^^ versus d-^ gave a linear dependence 
(figure 4) as expected, {qc^ A d = tt) with the first accurate determination 
of A ( A = 22 ± 3 A in CBOOA at 78° C). The threshold of this instability 
( z dilation expected to be 2 tt A ) and its dynamical behavior are now 
under extensive study. 

The last point was to observe the thermally excited undulation of 
layers, as predicted by de Gennes. This required glass plates of very good 
surface quality. Static undulations are not too serious optically : one can 
always observe a fluctuating signal with a light beat spectrometer, using 
the static scattered light as a local oscillator (“heterodyne*’ regime)*; 
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Figure 5 Damping rate of the thermally excited undulation mode of the smectic layers. 

For large wave vectors > g^), the behaviour is the one of an unbounded 
sample, very similar to the one of a nematic. For short wave vectors (</< q^), 
the compression energy of smectic layers gives rise to strong restoring forces 
and the damping rate increases strongly. The damping is minimum for 
qj^=zq^. The solid curves are the predicted hyperbolas (see text). 

but static undulations can mechanically quench the thermal undulation ; 
roughly speaking, they are equivalent to a tilt of q, no more parallel to the 
layers ; the increase of F results in a smaller amplitude for the thermal 
fluctuations (of constant energy ik^T), Using A/40 plates, the static 
conical scattering was found to be weak ; the time dependence analysis of 
the scattered light on the cone with the right polarization showed an 
exponential decaying correlation function characteristic of a dynamical 
undulation. The signal was almost purely “heterodyne’’ like, which gave 
an unambiguous determination of x. An angular dependence of t, normal 
to the scattering cone, showed the expected maximum corresponding to 
the fundamental mode / = 1. 

It was now possible to measure x (max) for different following 
the cone. The damping rate showed the expected hyperbolic behaviour 
versus figure 5), with a minimum at q^ = ^c- This point was 

checked by comparing x-^ (qc) for different thickness samples. A can be 
derived from this experiment and was found to agree reasonably with pre- 
vious determination ( A = 14 + 1 at T = 75° C in CBOOA ). It was not 

possible to check an eventual q dependence of rj or the onset of permeation 
on the damping, the results up to now remaining too inaccurate for small 
qi, where the intensity of the fluctuating signal vanishes. To avoid this 
difiSculty, one should measure I directly. Unfortunately, this is very 
difficult to do accurately in the strong “heterodyne” regime. 

In the limit of large q^y the observed damping time becomes a 
linear function of ( qx Y- From the slope of this straight line, one 
derives the dififusivity of orientation Kh, which has a nematic-like value 
*{Kl\ =» 2*0 ± 0*2 10"^ cgs for CBOOA at T = 75° C). 
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The good agreement between the model and the experimental results 
may be surprising, in view of the simplifying assumptions made. In 
particular, it seems that defects in the sample are not too important in 
the damping of undulations. This is likely due to the small mobility of 
the defects (dislocations), limited by permeation. It could be more 
important with very thick samples. 


3. Conclusion 

Light scattering from homeotropic glass plate sandwiched smectic A has 
been observed. For low surface quality boundaries, the scattering is 
static. It can be explained by the unusual attenuation length of undula- 
tions induced by the plates across the layers. With high surface quality 
plates, the dynamic thermally excited undulations of the layers predictcct 
by de Gennes are observed. For large wave vectors, these undulations 
have a free space behavior, with a nematic like diffusivity of orientation. 
Decreasing their wave vector, their damping time presents a maximum for 
the wave vector which minimizes the distortion free energy (expressed 
in terms of angular deflection of the director), is also observed directly 
as being the buckling instability wave vector of the layers under dilation# 
All these independent measurements of q^, currently under way on 
different smectic A samples, give a coherent value for A ( A 20A ), the 
penetration length of dc Gennes. All the observed boundaries effects are 
just a consequence of the highly anisotropic elasticity of smectic A 
materials, crystal like across the layers and liquid crystal-like in the layers. 
We are now beginning analogous experiments on unbounded thin films 
of smectic A. 
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DISCUSSION 

Janik : If I remember correctly, there is also a component in Rayleigh 
scattering for which reorientations are responsible. How is this component 
separated from what you measure ? 

Durand : The ‘ Rayleigh wing * scattering intensity is weaker by a factor 
(qay where q is the momentum transfer and * a' a molecular length. 
Here ^ 10~6. The spectrum is larger by the same factor — the spec- 

tral density is then typically lO-^^ smaller. 

Bulkin : In your curve of — v^. what are the values of and the 

'C 

approximate difference between the two curves shown ? 

Durand : The orientational diffusity D is nematic like, with D 10"^ cgs. 

Rustichelli : Did you perform the light scattering experiments under nega- 
tive pressure also in some smectics B ? 

Durand ; We are now doing Rayleigh scattering on smectic B, and trying 
to see if it is within our experimental capacity. We are not sure. It may 
be that smectic B is a solid-like material and the intensity is so low that 
we cannot see anything. It may be that in some smectics B you may have 
the de Gennes-Sarma structure. 
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Abstract. The temperature dependence of the viscosities of a nematic 
without a second order transition at lower temperatures is discussed in 
the first part. For the rotational viscosity the experimental result*s 
yield an Arrhenius behaviour. The compressional viscosities are caused 
by an intramolecular relaxation process. For MBBA this process is 
proposed to originate in the flexibility of the hydrocarbon chain 
thereby fixing its temperature dependence. In the vicinity of the 
nematic-isotropic transition the relaxation of the nematic order para- 
meter represents another slow relaxation process. Mean field theory 
seems to be sufficient to describe its contribution to the attenuation 
of sound. If, at lower temperatures, a second order transition to a 
smectic A phase exists the fluctuations of the smectic order parameter 
relax also slowly. Treating this transition in analogy to the X-transi- 
tion in He a divergence of certain viscosities is found proportional to 

( r - )*0-33. 


Introduction 

To discuss the temperature dependence of the viscosities of a nematic 
phase we separate the problem in two parts. In the first part, we treat a 
nclmatic which shows a first order transition at lower temperatures to a 
smectic or solid phase thus excluding an influence of the low temperature 
*phase. As an example we always take MBBA. In the second part, we 
treat a nematic with a second order transition to a smectic A phase at 
lower temperatures. In this case pretransitional effects show up. 


1. Nematic with a first order transition at lower temperatures 

l.A The incompressible system 

Let us start recalling briefly the definition of the viscosities for an 
incompressible nematic. We use the Leslie* viscosities aj defined by 
the relation between the dissipative stress tensor tt'ij and the forces 
i ( Vi Vj -f Vj Vi ) and N «= dt) — i rot v x n, where v is the 
velocity and n the director, 

Tr'ij — — «! /jk n\ y4ki «i Wj — «2 - aj n^Ni — *4 

— a5 Hi Wk A^i — Wj /ik A^\, f h) 
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The Onsager - Parodi^ relation 

a2 + a3 = ttg - ttj (2) 

reduces the number of viscosities to 5. Usually two “rotational” 
viscosities are introduced 

ai = aj ~ a2 ) 


For simple shear flow experiments three different geometries are possible 
depending on the relative orientation of no(the preferred axis), v, and the 
velocity gradient (figure 1). The corresponding viscosities are usually 
referred to as Miesowicz^ viscosities tqM. 

The temperature dependence of the ot'is was investigated theoretically 
by Imura and Okano^. They started by writing down the stress tensor 
Tr'ij not in terms of the director n\ as in ( 1 ) but in terms of the 
nematic order parameter Qij =’ S (tii tij — i 8ij) and deduced the following 
relations, in lowest order of the temperature dependent magnitude S of 
the order parameter, 

(T) - 

a2.3.5.6(r) - 5 (D, yi,2(r) - 5 (T), 

*4 (T) exp (Uy^uIkT), (4) 

As a 4 is the viscosity of the isotropic phase it is independent of S in 
lowest order and has the well known Arrhenius behaviour with an 
activation energy Uy^u. These expressions explain qualitatively the 

experimental results^* ® for MBBA (figure 2). The viscosity t}*)* shows a 





Figure 1 The definition of the Miesowicz viscosities. 
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marked contribution of the S dependent viscosities a 3 and oce- But if 
one plots this contribution, - yjM = _ ^ (aj - oc^ ), divided by the 
experimental NMR values'^ for S{T), against temperature one finds no 
constant but rather an exponential behaviour indicating an Arrhenius 
factor also for other viscosities in (4). 

This can more easily be seen from experiments^-*^ which measure 
directly for example y, (T) (figure 3). Evaluating the results of Frost 
and Gasparoux^ obtained by the method of a slowly rotating magnetic 
field one gets for 

y, (T) ~ S (r) exp ( (5) 

an activation energy U>x ^ 11-5 kcal/mole. For other nematics is 

approximately the same indicating a common relaxation process. 



Figure 2 The temperature dependence of two Miesowicz viscosities for M6BA. * 
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Figure 3 The temperature dependence of the rotational viscosity for MBBA. 


For higher frequencies equations (4) and (5) have to be generalized 
in a way which will be discussed below for the compressible system. 
Another effect which will be treated in more detail below is the 
relaxation of the nematic order parameter in the vicinity of the nemaUc 
- isotropic phase transition**. Its influence on the shear flow viscosities 
can be seen by comparing the low frequency viscosities measured by flow 
experiments with the high frequency viscosities measured with a shear 
wave reflectance method at 15 - 85 MHz (figure 2). 


l.B The compressible system 

The compressible nematic is described by two more viscosities*^. We 
are especially interested in the anisotropy of the compressional viscosities 
= 7)11 - 7 ) 1 , where parallel and perpendicular refer to the preferred 
axis Ho. This quantity determines the anisotropy of the attenuation of 
sound 

Act « ail - aj. ^ Ai). 

(These a’s should not be confused with Leslie’s ai). 
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Arguments like the ones of Imura and Okano'* yield 

AT)(r) ^ S{Tf (7) 

But the experimental results*^- for A tq yield a strong frequency depend- 
ence of A>) in the MHz region at room temperature indicating again an 
additional temperature dependence, of the type 


A Y)i ( o), r) 


S{T) 


{T) 

1 + ( a> T i ( r ) )2 


( 8 ) 


CD = lirf being the sound frequency and Tj the relaxation time for an 
internal relaxation process, 

Ti(r) = exp ( UrijkT) (9) 

where Tm is a microscopic time. A fit of the frequency dependence of 
A Y) yields tj == 2.0*10"® sec. at room temperature^ 5. 


To predict the temperature dependence of A y) we need , i.e., 
a microscopic interpretation of the relaxation process. I proposed this 
process to originate in a common property of most nematics, the 
flexibility of the hydrocarbon chain*^. The relaxation takes place 
between trans and gauche states. The chain of MBBA corresponds to the 
case of pentane, for which the activation energy was determined by 
ultrasonic measurements*'^ to be = 4.2kcaI/mole and ^ 10"*'sec. 
These values yield at room temperature t, = 1.0* 10"® sec, in good 
agreement with the above cited experimental value for MBBA. 

Experiments on A a do not show the temperature dependence of Ayj; 
directly (figure 4) because of the influence of the order parameter 
relaxation mentioned above. Therefore we have two contributions 

• 

with 


^q{T) being a coupling parameter. Subtraction of the theoretical values 
for AY)i(r) from the measured*® values of AY)(r) yields the temperature 
dependence of the critical part. The best fit is 

^ I 1-4/3 (12) 

This has to be compared with (11), under the experimental condition 

< 1 , 

A>),(r) - c,(r) T,fr) (i3) 

The critical temperature dependence of was determined from light 

scattering*^ as Tq (T) ^ \T — | which leads us to the 

conclusion that Cq has no critical temperature behaviour. The deviation 
of the critical exponen t Tq from of the mean field value 1 can be 


Ay] = AYji + AyJq 

Ay), (T) ^ C, (T) 


{T) 


1 + (a>T^(r))^- 


( 10 ) 

( 11 ) 
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Figure The temperature dependence of the anisotropy of the ultrasonic 
attenuation, for /= 3.5 MHz. 


accounted for by the noncritical temperature dependence of the average 
viscosity. 

2. Nematic above the transition to a smectic A of second order 

Above a smectic A - nematic phase transiljon of second order the fluctua- 
tions of the smectic order parameter give rise to pretransitional effects. 
The critical contribution to the Frank elastic constants has been calculated 
by dc Gennes^o. critical viscosities were treated recently by myself 

together with F. Brochard*^ Using the framework of linear response . 
theory and the fluctuation - dissipation theorem we found for the critical 
part of the viscosities for an incompressible nematic, in the low frequency 
limit, 

»i 

and 

where is the relaxation time of the smectic order parameter T, 

f the coherence length, and is defined in terms of the smectic layer 
distance </ as IttIJ. 

A qualitative understanding of the result for may be gained 
frdm considerations which are partially contained also in a preprint by 


16 77 f 

a3 - 


yi 


yi 


(14) 

(15) 
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McMillan^^. We apply a magnetic field rotating at a low frequency w 
to a nematic just above the transition temperature The director 

follows the field, with a constant delay. The torque which the 
director opposes to this rotation is 


r ^ ri in 


( 16) 


(and has to be supplied by the rotation of the magnetic field). Now m 
the cybotactic groups the layers give rise to a particular contribution 

r to this restoring torque. The layers follow the director with an angle • 

8 - (DTvj, 

between the director and the normal to the layers. The torque F can 
be derived from the elastic energy of a smectic A 


Frl = 


cjI <'F^> 
2M 


8" 


( 18) 


is an elastic constant) as 


dfrl 

d 


4 

M 


( 19) 


To take account of the fact that we arc treating the fluctuations of the 
smectic order parameter we substitute < > by the lluctiiations over a 

region ? 

<'F*(O'F(0)> ^ 

Comparing the result for F with ( 16) yields the above result for ri 

(•except for a factor ] ). 

• 

The critical temperature dependence of 7 \ is determined by 
and In mean field theory {t ^ T - ) 

f ^ ^ (21) 

therefore 

r, ^ f - e-o-5. (22) 

But the AN - transition is probably similar to the A -transition in He, 
for which mean field theory does not hold. Instead of ( 21 ) we use 
according to static and dynamic scaling theory^^ 

^ (23) 

and get the result 

y, ^ ^ 


MT 
4 TT ^ 


( 20 ) 


(^4) 
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McMillan's result agrees with ( 14) under the same assumptions for 
the type of the phase transition. The result (14) holds in general (as 
long as the Ornstein-Zcrnike relation is valid), even for the more 
complicated case of an influence of two-dimensional quasi-order^^ 

^ A numerical estimate for the temperature region over which a 
yt > 0.1 p should be observable, yields T— < rc. 

For compressible system also the bulk viscosity and the anisotropy 

A Y) diverge like yi. 

In conclusion, I wish to say that this work w'as done in the pleasant 
and stimulating atmosphere of P G de Gennes' group at the College de 
Fmiicc. 
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DISCUSSION 

Janik : From what you said 1 understand that the ratio of the viscosity 
coefficients for MBBA and PAA is about 10, whereas that of the self 
diffusion coefficients for PAA and MBBA is about 3. Could you comment 
on that ? 

Jahnig : The relation between the self diffusion coefficients and the vis- 
cosities *in a nematic is in a simple approximation assumed to be given by 
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the Stokes formula for isotropic liquids. But this assumption is a very 
crude one as for a nematic ( i ) the ellipsoidal shape of the molecules 
should be taken into account (the problem of the motion of an ellipsoid in 
an isotropic liquid has been solved long ago ). ( li ) a combination of 
viscosities should enter in the analogue of the Stokes formula, and 
( lii ) the boundary condition at the surface of the moving molecule should 
also be important. With respect to this boundary condition PAA seems 
to be an extraordinary substance different from most other nematics 
including MBBA. 

As far as I know the Stokes formula for nematics has not been 
derived, but may be Leslie can comment on this question. 

Leslie : Commenting on the possibility of a solution similar to the 
approximate Stokes solution for an isotropic liquid, this does not seem 
possible. The chief obstacle is that the orientation must presumably vary 
over a large range of values in order to satisfy a suitable boundary 
condition. 

Darbari : You mentioned that the observed sound attenuation is mainly 
due to viscous processes. Further, you showed the temperature dependence 
of the viscosity to be non-arrhenius. It has been well established in the 
literature for several systems that at such temperatures cooperative effects 
dominate the transport behaviour which should give a rise to a distribution 
of relaxation times instead of a discrete relaxation time. In the light of 
the above, how do you justify the discrete relaxation time used in your 
explanation for MBBA data? 

Jahnig : My starting point was the experimental result of a single relaxa- 
tion time behaviour at room temperature, for MBBA. With increasing 
temperature a second relaxation process becomes important, the relaxation 
of the order parameter, I think your question refers to the experimental 
results of Eden, Garland and Williamson* on the attenuation of sound in 
• unoriented MBBA. They indeed claimed that in the vicinity of the 
nematic-isotropic phase transition more than one relaxation process has to 
be taken into account. I have two of them. 


Eden D, Garland C W and Williamson RC J. Chem. Phyt. 58 1861 ( 1973). • 
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Distorted twisted orientation patterns in nematic liquid crystals 
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Abstract. Twisted orientation patterns apparently occur in some nematic 
liquid crystals between parallel plates if the preparation of the solid 
surfaces induces different tangential alignments of the anisotropic a?»is 
at the two plates. In such an orientation pattern, the anisotropic axis 
is everywhere parallel to the plates, but vanes unilormly across the 
gap, being the same in any plane parallel to the plates Hricksen has 
shown that this form of orientation pattern is a solution of the 
continuum theory equations for all admissible cncigy functions. 
However, given the practical interest in such arrangements, it is 
natural to seek to determine if other solutions arc possible with lower 
energies, and therefore the more likely to occur in practice Lmploy- 
ing the Frank-Osecn energy function, one finds that there can be 
other solutions in which the orientation of the anisotropic axis is no 
longer always parallel to the plates. Consequent ly, it is of interest to 
determine when such solutions occur, and equally whether they have 
lower energies than the twisted solution Not surprisingly, these 
questions depend upon the relative magnitude of the coclhcients in the 
energy function. While the analysis is somewhat complex, an indica- 
tion of the likely behaviour follows from an examination of some 
limiting cases. However, should a certain pair ol the coefficients be 
equal, a fuller discussion is possible. Available estimates for the 
coefficients for some materials suggest that such distorted twisted 
orientation patterns may be rather uncommon. 


1. Introduction 

By suitable prior treatment of the solid surfaces, it is possible to produce 
twisted orientation patterns in a static sample of nematic liquid crystal 
between parallel glass plates. In early papers, Mauguin'*^ describes how 
he obtained such orientation patterns by first aligning the sample uniformly 
parallel to the surfaces, and then rotating one plate in its own plane 
relative to the other. Later, Chatelain^ achieved the same result by rub- 
bing the two glass surfaces in given directions and arranging the plates so 
that these were not coincident. By either method, one obtains an orienta- 
tion pattern in which the direction of the optic axis is everywhere parallel 
to the glass plates, and changes uniformly with distance from one limiting 
direction to another as one traverses the gap between them. 

In recent years, there has been increased interest in such orientation 
patterns, and their response to external magnetic or electric fields,* partly 
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on account of their use in electro-optic display devices, as for example 

Schadt ana Helfrich^ discuss, but also because they provide a useful 

opportunity to test the degree of consistency between existing continuum 
theory and experimental observations in the presence of various orienting 
influences, as for instance Leslie^ describes. Within the context of conti- 
nuum theory, twisted orientation patterns are solutions of the relevant 
equations in the absence of magnetic or electric fields for all possible free 
energy functions, as Ericksen® demonstrates. On the other hand, if one 
employs a quadratic energy of the type proposed by Oseen^ and Frank®, 
Leslie^ notes that other solutions can exist in which the orientation of the 
optic axis is no longer parallel to the plates, and the aim of the present 

paper is to determine when such solutions are likely to occur. The 

answer to this question depends of course upon the relative magnitudes of 
tife material constants in the Oseen-Frank free energy. However, avail- 
able estimates of these coefficients for some nematic liquid crystals suggest 
that non-parallel twisted orientation patterns may be rather uncommon. 

As is generally done for nematic liquid crystals, the calculations 
described below employ the notion that the elongated molecules at the 
liquid crystal-solid interface adhere to the solid surface. Consequently, as 
one rotates the plates relative to each other, the total amount of twist 
introduced into the sample can increase indefinitely. At this point, it is 
important to appreciate that this is at variance with some observations by 
Mauguin*. in his experiments, if the relative rotation of the plates 
exceeded a right angle, he found that the liquid crystal somehow relaxed 
so that the total twist remained less than this amount. One explanation 
of his observations is that the plates dictate a particular direction to the 
molecules in contact, but that the total twist may relax by an integral 
multiple of TT if this leads to a smaller free energy in the sample. As a 
result, it may be that one should restrict one’s discussion of solutions 
so that the total twist in the liquid crystal is always less than a right 
angle. Nonetheless, it is felt desirable not to impose this restriction 
initially, since it may turn out that other methods of inducing parallel 
alignment lead to different behaviour. However, at the end of the paper 
we do consider an alternative boundary condition which effectively achieves 
conformity with Mauguin’s experiences. 

2. Continuum theory 

To describe static, isothermal configurations in nematic liquid crystals, the 
equations employed are essentially those derived from different standpoints 
by Oseen^, Frank®, Ericksen’ and Leslie'®, of which a brief summary 
follows. If so desired, further details are readily available in the papers 
quoted, or in a number of the other references. In this section, it is 
convenient to use Cartesian tensor notation. 

As is generally the case in theories for these anisotropic liquids, one 
describes the orientation of the optic axis by a unit vector field d, and 
assumes that d and -d are physically indistinguishable. In the absence of 
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external body forces influencing the optic axis, the components of the 
vector d satisfy the partial differential equations 


/ aw 

V ^ j 


d~d, 


+ yci^ = 0 , 


(2.1) 


in which y is a scalar to be determined, and W the free energy per unit 
volume, which is an isotrop.c function of the vector d and its gradients 
for nematic liquid crystals, and further is unchanged by the replacement 
of d by — d. Depending upon one's viewpoint, the above represent either 
the Euler-Lagrange equations for a minimum of the free energy, or a con- 
servation law for the orientation of the optic axis. Given the assumption 
of incompressibility, Ericksen^ shows that the equations of conservation 
of linear momentum integrate to yield 

/’ + W + X = p,,. ( 2 2*) 


where p is the unknown hydrostatic pressure, X the scalar potential of any 
conventional body forces present, and p^ an arbitrary constant. Moreover, 
he finds that conservation of angular momentum is satisfied identically, 
on account of the form of free energy considered. Should one wish to 
evaluate them, the stress and couple stress vectors on a surface with unit 
normal n, t and I respectively, are given by 


ti 


pn\ 


aw 

d'd^, j 


d,. 






^IJk 


d w 

5 , p 




(2.3) 


eijk denoting the alternating tensor. 


For the present investigation, the free energy function selected is that 
pi^t forward independently by Oseen^ and Frank®, so that 


2W = ( ai - a2 - a4 ) ( ^,, i )^ + a2 j j 

+ *4 ^1. j 1 + t <*3 - ^i) dx di i/k, , i/k. j. 


(2.4) 


the coefficients being constants. Subsequently, Erickscn*’ has proposed 
that these coefficients satisfy certain inequalities on the grounds that a 
stable uniform alignment represents a state of minimum energy. Here, wc 
accept these, but assume further that 


«! > 0 , *2 > 0 , a3 > 0, 


(2.5) 


thereby excluding the possibility that any of the above three coefficients be 
zero. 


Finally, consistent with Ericksen's stability hypothesis, Dafermos‘2 
discriminates between various solutions by choosing that with least free 
energy as the stable solution. Below, given more than one solution, we 
adopt this approach and regard that with lowest energy as the most likely 
to occur in practice. 
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3* Solutions 

We consider a layer of nematic liquid crystal confined between parallel 
plates a distance 2h apart. To examine appropriate solutions of the above 
equations, it is convenient to choose a set of right-handed Cartesian axes 
with the r-axis perpendicular to the plates, and such that the origin of 
co-ordinates is equidistant from the solid boundaries. If the thickness of 
the sample is small compared with the dimensions of the plates, variations in 
the orientation parallel to the solid surfaces seem unlikely, and therefore 
one examines solutions of equations ( 2 . 1 ) and ( 2 . 4 ) in which the unit 
vector d takes the form 

dj, = cos 6 (z) cos </> ( z ), dy — cos 6 (z) sin </> ( z ), 

. = sin r). ( 3.1 ) 

After manipulation to eliminate the scalar y, equations (2.1 ) reduce to 
( see Leslie^ ) 

2 f (fl) tf" f - A g(tf) ,^'5 = 0 , ) 

d (3-2) 

2(6) g(d)d' = 0, I 

where 

f(^) = aj cos2 Q sin^ 

g{0) = ( a2 cos^ 6 + OL^ sin2 $ ) cos^ S, ( 3.3 ) 

and the prime denotes differentiation with respect to the r co-ordinate. 

At the solid surfaces, we assume that the orientation of the aniso- 
tropic axis is fixed, and therefore consider boundary conditions of the type 

<? ( h ) =: ( ~ h ) = 0, </> ( h ) = - 0 ( - h ) = r/,„, ( 3:4 ) 

in which one may regard the constant angle as positive without loss of 
generality. While Mauguin’s observations, and also the remarks of Leger*^, 
prompt one to restrict the range of this angle so that 

0 ^ 7r/4, (3.5) 

It seems desirable not to do so initially. However, later we discuss 
briefly an alternative boundary condition which appears to achieve this 
limitation. 


As mentioned previously, the equations (3.2) have a simple solution, 
subject to the boundary conditions (3.4), 

(/ = 0 , 0 == 00 r/h. ( 3 . 6 ) 

This of course corresponds to the observed twisted orientation pattern. 
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Somewhat less obviously, the equations (3.2) can also have a solu- 
tion in which the angle 0 varies, and, in this event, the equations integrate 
to yield 

g(^) = a, r( 0 ) d '2 ^ .yi (3 7 ) 

a and b being constants of integration. We consider a continuously 
differentiable solution with the properties 

0 (z) = 0 { z), ijy (z) - <t> { z), (3.8) 

and thus 

( 0 ) = 0 , 0 ( 0 ) = 0 . ( 3.9 ) ’ 

Also it is convenient to employ the notation • 

0(0) = 0,. (3.10) 

Hence, if one combines equations (3.7), it follows that 

r( 0 ) 0 '^ = a 2 1 Vg(^o) - 'lB(O)}- (3.11) 

In view of the assumptions (2.5), a necessary condition for a solution of 
this type is that the right-hand-side of equation (3.11 ) remains positive. 

The function g(0), defined by equation (3*3)2, clearly even in 0, 
and further examination shows that cither it decreases monotomcally to 
zero as 0 increases from zero to .Jtt, or it initially increases to a maxi- 
mum and then decreases monotonically to zero for that range of values of 
its argument. In the former case, one obtains solutions in which 0 increa- 
ses (or decreases ) monotonically from zero at the plates to a maximum 
(or minimum) at the centre of the gap, for all values of 0 ^ between zero 
an*d }s 7 T. On the other hand, in the latter case, while the orientation also 
changes monotonically, such solutions exist only for a restricted range of 
•the parameter 0o. Consequently, it is necessary to note two distinct types 
of solution, in which cither 


0 < 1 

0o 1 < iTT, if a.! 2a2, 

(3.12) 

or 

0 < 0a, ^ 1 1 < i^ »3 > 2a2, 

(3.13) 

where the angle 

sin2 

is given by 

= ( a3 — 2 * 2 ) / ( *3 — «2 ), 

(3.14) 


this expression being less than unity since a .2 is positive. 

With the above restrictions upon the parameter 0^, equations (3.7)i 
and (3.11) yield solutions in which the angle 0 changes monotonically 
from zero at the solid surfaces to the value 0 ^, in the centre of the gap, 
and they take the form 
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e 

00 ^ 
^ =g(»j' sgntf„ j { g(„)ig(^„^;!g(g,)i | 


(3.15) 


provided of course that 


ah 




and 


•/'. = g (So)* Sgn e 


VO 

J( 


f(S) 


g(S)lg(S) -g(So)l 




(3.17) 


While the equation (3.16) simply serves to evaluate the constant a, equa- 
tion (3.17) more importantly determines 6^ as a function of the given 
parameter </>o , or conversely gives as a function of 6^. 

To discriminate between the solutions (3.6) and (3.15), when the 
latter exists, we compare their energies. Employing equations (2.4), 
(3.1) and (3.3), one finds that the total energy per unit area of the 
plates, W, IS given by 


h 

w = l| I f(9) + g(S)^'= jdz. (3.1£) 

-h 

Hence, if one denotes the value of this expression for the parallel, twisted 
solution by Wp , it follows from equations (3.6) that 

Wp = ^o^/h, (3.19) 

and, if the value corresponding to the non-parallel, twisted solution is 
Wa.p, equations (3.7)i and (3.11) at once yield 

Wn_p = a2h/g(^o). (3.20) 

Therefore, the latter solution is the more likely to occur if 

a‘hVg(^o) < «2 <^o2. (3.21) 

From the above, one sees that the question of the existence of the 
non-parallel, twisted solution requires an investigation of the relationship 
(3.17), and further the prediction of its possible occurrence involves 
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both expressions (3.16) and (3.17). In the general case, some progress 
is possible by examining the limiting behaviour when is small or close 
to in. However, when two of the coefficients in the free energy are 
equal, a full discussion proves straightforward, and we turn to this special 
case in the next section. 


4. A special case 

To gain some information regarding the behaviour of the non- 
parallel, twisted solution, it is helpful initially to restrict one's attention 
to the particular case in which the Frank-Oseen coefficients a. and a, are 
equal in magnitude, since this leads to considerable simplilication in the 
analysis. In this event, the relations (3.16) and (3.17) reduce to 

0 * 

1 f* f He) 1* 

ah = aj* cos sgn J j - s.n^ 0 | cos fl dtf, (4.1) 


and 




a 2 ^ cos sgn e 


^ • 


TJ 8J_ 

sin2 0 — sin- 


) ^ d^ 
j cos 0 ’ 


(4.2) 


here, 0^ can be any positive or negative acute angle, on account of the 
condition (3.12). Also, the criterion (3 21) for the occurrence of this 
type of solution becomes 

ah < 9.2 cos 0^ , ( 4.3 ) 

With the aid of substitution 

• sin 0 = sin 0^ sin A , ( 4.4 ) 

* the expressions (4.1) and (4.2) take the somewhat more manageable 
forms 


ah = a 2 *cosff„J f(tf)*dA, (4.5) 

O 

and 

ie/2 

= « 2 '* cos J f ( ff )* . ( 4.6 ) 

The further change of variable 

t = tan A .(4.7) 
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in the first of the above integrals leads to 


ah = («,«: )* cos ^ , 

O 

(4.8) 

where 


k = { *2 - «,)/«,, 

(4.9) 

and a similar change of variable 


1 = cos 6 ^, tan A 

(4.10) 

in the second yields 


CxD 

= (a,/a2)‘J (^1-1 -2(,^+;:) , , ^2 ■ 

(4.11) 


o 


from the results (4 8) and (4.11), one can draw certain conclusions. 
However, it is convenient to treat separately three distinct cases. 


( 1 ) a 2 > gj ( k > 0 ) 

In this case, a comparison of the expression (4.8) with the appro- 
priate multiple of (4.11) immediately shows that the condition (4.3) 
holds. Moreover, from equation (4.11), one can conclude that is a 
monoionic increasing function of do , and that 



= ( ai / a: ) 


TTjZ 1 


lim 


± TtI2 




(4.12) 


Therefore, in this case, the non-parallel, twisted solution becomes a 
possibility once the overall twist exceeds a critical value, which is less 
than the angle tt . In this solution, the distortion of the parallel, twisted 
orientation pattern grows monotonically with increasing twist until the 
anisotropic axis becomes perpendicular to the plates at the centre of the 
gap, at which point the total twist in the sample is equal to tt . If it 
proves feasible to produce larger static twist in a layer of nematic liquid 
crystal, corresponding solutions appear to take the form of a combination 
of solutions of this type. On the other hand, if the largest static twist 
possible IS a right angle, so that the restriction (3.5) applies, this non- 
parallel, twisted solution remains a possibility only if 

«2 > 4 gj. (4.13) 

As noted initially, should such a second solution be available, it seems 
the more likely to occur, since it has a lower energy than the correspond- 
ing parallel, twisted solution. 
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Here, a similar comparison of the expressions ( 4 8 ) and U IM 
shows that the condition (4.3) is not satisfied. As a result one ant'ei 
pates that the parallel, twisted solution persists as the twist ,’n the sample 
increases in this particular case. ^ 

^0) 

r a A" ‘"’a ^^^ft'^ients arc equal, the expressions 

(4.8) and (4.11 ) reduce to 


ah = *2 cos In, = !.n. 


(4.14) 


pnsequently, m this very special case, should the overall twist be equal 
to 77 , solutions of the type (3.15) exist for all values of e i vcn 
more surprisingly, they all have the same energy as the corre.sponding 
parallel, twisted solution (3,6). 

5. The general case 

Returning to the general case, it proves possible to obtain some insight 
into conditions necessary for the occurrence of this second type of .solu- 
tion by evaluating the integrals m equations (3.16) and (3 17) in certain 
extreme cases. For this purpose, it is again helpful to employ the substi- 
tution (4.4) to give the alternative forms 




and 


in which 


and 


tz!2 

= g( fl f f f ^ ) ) 

1 h(<i) F(T7i:7} 


i d3 


COs2 0 


(5.1 ) 


( 5.2) 


= g(d) loosed = <i2 cos^ e + a} hin- g, ( 5 . 3 ) 


F (6, g^) = I g ( « ) - g ( «„ ) 1 / ( Sin2 g^ _ sin- g ) 

= 2*2 - *3 + (*3 - aj)(sin2tf„ + sin^g). (5.4) 

Below, we find it convenient to discuss separately two d-lTcrent cases. 

( i ) 2»2 > tt3 


When this condition holds, it follows from (3.12) that there is no 
lower limit upon the magnitude of the parameter g„, and further an 
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examination of the function F (6^ d^) defined above shows that it is 
never zero. Therefore, one can expand the integrand in the expression 
( 5 . 2 ) in powers of sin^ !o eventually obtain 

= j a, / (2a2- a,) 1 + 

+ I « 3 / “i - ( “3^ - 03 ttj + *22 ) / aj ( 2a2 - a, ) I — 

I 0( sin* J ( 5 5 ) 

In the same manner, the equations (5.1) and (5.2) finally yield 

- a^hVg( ffo) 

= *1 j«3/a|— (a32-*3a2+*2^)/*2( 2*2 - *3 ) I 

-* O (sinf^gj. (5 gj 

Hence, if llic coefficients satisfy 

( 2 a 2 -otj)/aj > 1 + ( 013 *- * 2 )“ / «3 , ( 5 - 7 ) 

it follows from the above and the conditions ( 2 . 5 ) and ( 3 21 ) that the 
non-paiullel twisted solution has a lower energy than the parallel twisted 
solution for a range of values of the total twist exceeding a critical value 
given by 


= -f I «i/(2«2 - «3) . ( 5.8) 

Clearly, the inequality (5.7) implies that this critical angle is less than 
77/2, in view of the assumptions (2.5). 

At the other extreme, it is possible to show with the aid of the 
substitution (4.10) that 


lim (/) 

± 77/2 


W 2 , 


lim 

± 77/2 





f( A)* dA. 


(5.9) 


Therefore, as in the special case just discussed, complete distortion of the 
parallel orientation pattern takes place when the total twist is equal to 
the angle tt . Also, in this limit, the criterion (3.21 ) that the second 
solution has a lower energy than the parallel, twisted solution reduces to 

E( 1 - a, /aj) < («2/«3)i , a3>(x,, f < in\ 

E( 1 - aj/ tt, ) < ( a, / «! )| . tt, > «3, ^ ^ 

where E ( k ) denotes a complete elliptic integral of the second kind, 
defined, by 
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^l2 


E( k) = 2 /i 5 ( 1 ~ Ic sin2 A )* dA . 


(5.11) 


At this point, it is helpful to introduce the notation 

^=a3/a2, ■») = *i/a2, (5.12) 

which allows one to express the inequality (5.7) in the form 

■n < |(2-n/U i 
and the condition (5.10) as 

E ( 1 - >3/0 < . f > >3 , ) 

E ( 1 - I/TO ) < TQ-i , >3 > O » 

From these, it follows that the inequalities (5.7) and (5.10) define 
domains in the first quadiant of the ( ^, ^o ) plane, which we oulline in 
the accompanying sketch (figure 1). In this way, one sees that the 
condition (5.7) is the stronger of the two, since, if the coelficicnts satisfy 
it, they also satisfy (5.10). 


(5.13) 

(5.14) 



Figure I The domain defined by the inequality (5.7) lies below the curve o, that 
by (5.10) is to the left of curve b, and that by (5.15) is to the left of 
line c. The broken verticle line divides the plane into the two cases discussed 
in section 5. 


Unfortunately, one cannot' readily determine the nature of the depend- 
ence of 0^ upon 6^ for intermediate values of this parameter. In particular, 
it does not seem possible in general to establish the monotonicity of the 
relationship. Equally, no information is available concerning the relative 
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energies in this range, except of course for the special case discussed 
earlier. 

However, if the coefficients satisfy the inequality (5.7), one can state 
that our analysis does allow a smooth transition from the parallel twisted 
solution to a non-parallel solution when the total twist exceeds the value 
given by equation (5.8). Also, when this condition holds, this second 
solution is the more likely to occur for overall twists close to the angle 
77 . On the other hand, should the non-parallel solution be available at 
intermediate values of 6^^ with the twist angle less than the value 
given by equation (5.8), and with a lower energy than the corresponding 
parallel, twisted solution, the possibility docs exist of an abrupt transition 
to a distorted solution at a total twist smaller than In the same 

way, if the coefficients satisfy the inequality (5.10), but not (5.7), a 
similar abrupt transition can presumably occur at some point. 

Finally, for a smooth distortion before the total twist attains the 
value 77/2 , it IS necessary that 

2a2 > aj -f 4ai , (5.15) 

or, with the notation (5.12), 

f -f 419 < 2. (5.16) 

The sketch also shows the relevant portion of the ( "O ) plane which 
satisfies this inequality. From this, one obtains an impression of the 
restrictive nature of this last inequality. 

( ii ) a3 ^ 2a2 

When the equality holds, the situation is similar to that just discussed 
in that the parameter 6^ takes the same range of values, but, when the 
inequality occurs, there can no longer be a smooth transition from one 
solution to the other, since 6^ must take values satisfying the condition 
(3.13). In cither event, an inspection of the integral (5.2) shows that it 
becomes singular when 0^ approaches the limits zero or ± as the case 
may be. Consequently, here, one extreme of the range of values of 8^ 
requires exceedingly large twists in the layer. In addition, a relatively 
straightforward calculation shows that the non-parallel solution always 
has a higher energy than the parallel, twisted solution in this limit. 

At the other extreme, one can repeat the analysis carried out earlier 
for values of 6^ close to ± Jtt. Consequently, the results (5.9) remain 
valid, and the second solution has a lower energy than the parallel, 
twisted solution in this limit if the inequality (5.10) holds. 

Here, therefore, there can be no smooth transition from one orienta- 
tion pattern to the other, and, from the sketch of the various domains in 

(5, TQ) plane, it is clear that an abrupt transition seems possible only 
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for a very limited range of values of the coefficients. Moreover, should 
one impose the additional requirement that the total twist be at most a 
right angle, there appears to be little likelihood of this latter possibility. 

6. Discussion 

Estimates are available for the Frank-Oscen coefficients for two nematic 
liquid crystals. For p-azoxyanisole, Saupe*^ obtained 

f = 3-8, >3 = l- 6 , (6.1) 

in the notation ( 5.12). Also, there are a number of recent measure- 
ments for the material MBBA (sec for example Haller>5 and Legcr^^), 
and typically one finds that 

| = 2 ‘ 0 , >) = 1 * 6 , ( 6 . 2 ) 

with slight variations. In view of these estimates, the foregoing analysis 
apparently excludes any possibility of the parallel, twisted orientation 
pattern in these particular materials distorting in the manner discussed 
above. Nevertheless, the situation may difler for other nematic liquid 
crystals. However, for the two materials quoted, our predictions disagree 
with observations in one important respect. On account of the boundary 
condition employed above, one can have parallel, twisted solutions with 
total twist greater than a right angle, and, as mentioned earlier, this is 
contrary to observations by Mauguin*. Consequently, we briefly 
examine an alternative boundary condition which removes this conflict. 

Rather than prescribe the orientation of the optic axis at the solid 
surface, Papoular and Rapini*^ introduce a surface energy, which 
essentially gives rise to a couple stress condition at the interface. In 
particular, they consider a form of intcrfacial energy which is a minimum 
for»pcrpcndicular orientation of the optic axis at the solid surface, but a 
similar treatment with parallel orientation minimising the surface energy 
presents no problems. Here, we introduce such a surface energy with 
the property that it is a minimum when the alignment is parallel and in a 
given direction. One relatively simple form of surface energy per unit 
area meeting this requirement, and also with necessary invariance and 
symmetry properties, is 

2w = 8 , (d, n, )2 - 82 (d, c, )2, (6.3) 

in which and §2 positive constants, n is the unit normal to the 

surface, and c a given unit vector, which represents the prescribed direc- 
tion on the surface. Jenkins and Barratt> 8 » consider the related problem 
of a liquid crystal - isotropic liquid interface, and by parallel reasoning 
a possible boundary condition for the present problem is 
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1 being the couple stress defined in equation ( 2 . 3 ) 2 . This is consistent 
with the approach of Papoular and Rapini. 

As earlier, we discuss the situation where the two surfaces have been 
treated to induce parallel alignment in non-coincident directions. Without 
loss of gcncral’ty, therefore, one can write 

c\ = cos 0^, Cy = e sin c, = 0, on z = i h , ( 6.5 ) 

where e is either plus or minus one, and, moreover, the constant, positive 
angle 00 satisfies the condition (3.5). As before, the equations (3.2) 
have a parallel, twisted solution 

^ = 0 , 0 = 0-/h , ( 6.6 ) 

where 0 is the unknown orientation at the upper plate. Here, however, 
the boundary condition ( 6 . 4 ) leads to the equation 

2 a 2 0 = 1182 sin 2 ( 0 ^ - 0 ) , ( 6.7 ) 

which of course determines the parameter 0. Whatever the values of the 
coefficienls a 2 and 82 gapwidth h, the above equation always has 

one loot between zero and 0o . However, there can be others with 
greater magnitude. To discriminate between a multiplicity of solutions, 
one again examines the energy per unit area, which here takes the form 

£= a2 0^/h - 82 COSM0O ~ (6.8) 

to determine that with least energy. 

The roots of equation (6.7) depend upon the magnitude of the 
dimensionless number C defined by 

^: = a 2 /h 82 . (6.9) 

In the event that this is small compared with unity, the root with least 
magnitude is 


0 - 0. ( 1 - C ) + o (C^), (6.10) 

and the related energy takes the form 

£ = «2 0,2/h ~ 82 + O (C ). (6.11 ) 

Clearly, this is the smallest energy possible, and hence, in this limit, the 
solution with total twist approximately equal to 2 0o appears that most 
likely to occur. Therefore, using this alternative boundary condition, our 
prediction in the limit of small C corresponds to the experimental conclu- 
sion of Mauguin. 

While the type of boundary condition employed above removes the 
conflict between theory and experiment in this instance, it naturally needs 
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more detailed examination. Equally, there is the possibility that other 
approaches may also eliminate the discrepancy. Finally, we remark that in 
these, as in the above, it seems likely that one may be able under certain 
circumstances to approximate the boundary condition by regarding the 
optic axis as fixed at the solid surface. 
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DISCUSSION 

de Gennes : There is something very natural in your diagram where the 
twist constant is large compared to the other two. In usual materials, as 
you pointed out, this is not the case — in fact, the twist constant is lower. 
But we have this nice case of the smectic pre-transitional effect in which 
the bend and twist constants become very large compared to splay. I 
would expect your condition to be fulfilled in twisted nematics near the 
smectic transition. 
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Abstract. We propose a new model for the statistical description of 
short range order in nematic liquid crystals of positive dielectric 
anisotropy. We consider the molecules to be cylindrically symmet- 
ric and assume the pair potential to be of the form A*P^(cos^^ )~ 
B*P 2 ( cofi d 'which favours an antiparallcl arrangement of the perma- 
nent dipoles. From physical considerations, antifcrroelectnc long range 
ordering is not expected to be present in nematics. Applying the 
Kric gcr-Jamc s approximation, solutions are obtained with an apolar 
or G ) type of lonfr range order, but allowing for anti ferro- 

electric short range order. Two important consequences of the theory 
arc ( 1 ) the mean dielectric constant should increase slightly on passing 
from the nematic to the isotropic phase, (ii) the magnetic and electric 
birefringence in the isotiopic phase should both vary approximately 
as (7’-T*)-i, where T* is the hypothetical second order transition 
point, except when the dipolar interactions aic very strong, in which case 
the electric birefringence should exhibit a slower variation at tempe- 
ratures well above T*. Choosing values of illustrative calculations 

are given of the long range and short range order parameters, dielectric 
properties, electric and magnetic birefringence. The results arc in 
general agreement with the experimental data for such compounds. 


Introduction 

The part played by permanent dipoles in determining nematic liquid 
crystalline properties has been the subject of considerable discussion. Indeed 
the first theory of the nematic phase, proposed by Max Born* in 1916, was 
based on purely dipolar interactions. Early experiments^ to detect free 
charges on the surface of the liquid crystal, carried out with a view to 
testing Born’s theory yielded negative results ; more significantly compounds 
were found, e.g., quinquephenyP and the alkylazobcnzenes^, that do not 
possess permanent dipole moments but do neverthless exhibit the nematic 
phase. The dipole theory was therefore abandoned. However, the vast 
majority of nematogens are in fact polar molecules, yet it is generally 
assumed that the dipolar contribution to nematic stability is negligible. 
In this paper, we put forward a new point of view regarding the influence 
of permanent dipoles on orientational order in nematics. We shall confine 
our attention for the present to materials of positive dielectric anisotropy in 
which the dipole moment is assumed to be along the major molecular axre. 
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It has been shown recently^ that the Krieger- James approximation is 
an improvement over the mean field treatment in describing pretransition 
phenomena in the isotropic phase of a nematic liquid crystal. The theory 
was developed assuming a PaCcos^ij) type of interaction between neighbour- 
ing molecules / and 7, where PiicosO) is the Legendre polynomial of the 
second order. The temperature dependence of the magnetic and electric 
birefringence in the isotropic phase of p-azoxyanisole calculated on the basis 
of this model was similar to that expected from the phenomenological 
theory^' ^ and was in qualitative agreement with the observed behaviour. 
We now extend this treatment to include permanent dipole interactions also. 


The Model 
• 

Let us suppose for simplicity that the molecules are cylindrically symmetric 
rods so that the dipole moment is along the major molecular axis. Evidently, 
nearest neighbours will tend to be antiparallel. However, the absence of 
long range translational order in the nematic liquid precludes the possibility 
of anlilerroelectric long range order. We postulate, therefore, that the system 
has an antiferroclcctric type of short range order, but no antiferroelectric 
long range order. The near neighbour correlations giving rise to antiparallel 
short range order will extend over a certain correlation length. But as far as 
a distant molecule is concerned, its interaction with this antiferroelectric 
cluster will clearly be apolar in nature, /.e., it will be fully equivalent 
whether the molecule is pointing ‘ up ’ or ‘ down ’. To express this in 
a mathematically tractable form we shall resort to the Krieger-James 
approximation®. 

We choose a space-fixed cartesian coordinate system XYZ, with the Z axis 
parallel to the uniaxial direction of the nematic medium. Let us assume 
that every molecule is surrounded by z nearest neighbours, no two of ttie 
r neighbours being nearest neighbours of each other. The pair potential 
between the central molecule i and one of its neighbours j is taken to be 

E(d,^) A*Pi ( cos ) - B*P2 ( cos ( 1 ) 

and the interaction between j and the rest of the medium to be 

» -5^2 ( cos (2) 

Here Py and P2 are the Legendre polynomials of the first and second order, 
is a function of the usual spherical coordinates fi, By and pj, A*, B* 
and B are interaction parameters. (Wc ignore the volume dependence of 
the potential functions as it does not play an important part except in 
certain calculations, e.g.y the determination of the absolute value of for 
a specific compound ). 

The relative weight for a given configuration of the cluster of (z+1) 
nlolecules is 
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f(Oii)g(e,) (3) 

where /( ^u) = e\p [ -E ( Oi^) I kT] 

g{S, ) = ^\pl-V(e,)!kT] 

The relative probability that the central molecule / and one of its nearest 
neighbours, say one, are oriented along and Oi, Pi is then 


4 ^ ( 9 \ ) ^ y ( ^1 1 ) ^ ( ^1 ) 


n 

7-2 


11 


/( ^li) g{ ^i) ^ ( cos ) dpj 


Since this probability should be the same irrespective of which molecule ks 
regarded as the central one, 

4^ ( 0i, <Pi ; Pi ) - 4^ ( 9\ \ 0\s <Px) ( 4 ) 

which represents the consistency relation. 

In View of the assumed form of the potential, (4) can be le-expiessed 
in the form^ 


exp [ BP^ ( cos 0, ) IkT ) 

-- - - - - =- constant 

I// exp {-{A* IkT) /^,(cos 6,, ) -t- ( B* IkDP.Acos 6,, ) 

y (B! kT) P 2 (cos ) 1 d ( cos ^ J d p 3 


This relation has to be satisfied for all values of Pi (cos Thus, if 

A* IB* IS known, the paiamctcr B influencing long range order can be 
deduced in terms of B* at every lempetature. In jinnciplc B* can be 
determined for a specific compound from the tiaiisilion temperature, 
provided, of course, proper allowance is made for the volume dependence 
of the potential function. 

The short range oidcr parameters arc given by 


jPi( cos ) = 


S-I Pi( cos 0iy) t/f ( 0t. p.; dy, P, ) ci{cos 0,) dpi d(cos 0y) dpj 
( 0i, Pi ; 0i, Pj ) 01 ) JPi d{ cos 0y ) dp, 


S--J Pzi cos diy ) t/ f ( By, Pi ; dy, pj ) d(cos B y ) dpt d(cos 0^) dpj 
■^ 2 (cos = f--f iff i0i, Pi ; 0j. Pi) d(cos ) dp, d(cos 0 ^ ) dp, 

and the long range order parameter 

/’^(cos e,) ^ (ff,. Pi ; 6^, p,) d(co.s Bo lip, d(co.s ff,) dp, 
^ /••/ P, ; tf, p, )d(cos >dp, d( cos tf, ) dp, 

The internal energy of the system 

U = iNz [^*pI(^cos - 5 *p 7 (^os 
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Using the above equations we have calculated the internal energy and the 
order parameters for three representative values of A* j B*, viz., 0*2, 0*5 
and 3*2. The integrals were evaluated numerically using Simpson’s rules 
on an IBM 360 computer. Illustrative curves are shown in figures 1 and 2. 

The internal energy plotted as a function of l/T (figure 1) shows the 
characteristic sigmoid shape. The curves for the ordered and disordered 
phases meet at the second order transition point 7*. I As we shall see 
later, 7* is also the temperature at which the short range order para- 
meter Pii cos^ij ) in the isotropic phase = l/(z- 1)]. The first order 
transition point 7c is the temperature at which the shaded areas are equal, 
i.e., when the Helmholtz free energies of anisotropic and isotropic phases 
are equal. The present calculation gives 7*/7c = 0‘951, 0*953 and 0*967, 
for A* I B* = 0*2, 0*5 and 3*2 respectively as compared with 0*95 obtained 
when the permanent dipolar interaction is neglected^. The mean field 
theory gives 7* / 7c — 0.90* 

The curves for the short range and long r ange order parameters as 
functions of temperature are shown in figure 2. 7i(cos^,J is negative 
signifying antiparallel ordering. All these curves show discontinuous 
changes at 7c ; the long range order drops to zero at the transition, but 
the short range order persists even in the isotropic phase. 



Figure 1 Plot of the internal energy vs reciprocal of temperature for A*IB* =^0.5. 

At the first order transition point the shaded areas are equal and at the 
second order transition point CfS 1/7. 
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For comparison, we present in figure 3 the universal curves for the 
order parameters when the permanent dipole interaction is neglected^. As 
is to be expected putting A* Q reduces the value of Q considerably. 
It is also of interest to note that this curve lies much below the universal 
curve of the mean field theory according to which Q ~ 0*44 at T^. 


Dielectric constants of the ordered phase 

We shall now investigate the dielectric properties of the ordered phase to 
test whether the model leads to the correct magnitude of the anisotropy. 
The compounds with nitrile end groups studied by Schadt‘^ show a very 
strong static dielectric anisotropy. Before developing a theory of the 
dielectric properties, it must be noted that a low voltage ( 2 V ) was 

used in these measurements to avoid any disturbing influence on tfic 
alignment of the sample, so that the orientational energy due to the 
external field is small compared to the intcrmolccular interactions. The 
field dependent orientational energy arises from two factors ( i ) the 
anisotropy of the low frequency molecular polarizability, Aa, and (ii) the 
net permanent dipole moment of the molecule. Wc shall follow closely 
the treatment of Maier and Mcicr*^^ who have applied the Onsager 
theory to take into account the clTect of the cavity field produced in 
the medium. 

The effective induced dipole moments per molecule along and per- 
pendicular to the unique axis of the medium arc respectively 

mi •= [ a 4 I A afi 1 FhEi 

m2 •= [ a - J AaG 1 FhEi 



Fignre 2 Plot of the short-range order parameter Piixij) and and the long- 

range order parameter Q^vs. B*jkT ; A*IB* =0.5. 
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Finure 3 Plot of the short-range order parameter Pf(A-jj) and the long-range order 
parameter Q vs. B*jkT; A*=:0. 


where /i-==-3e/(2e + l)is the cavity field factor, c is the average dielec- 
tric constant, F — 1 /( 1 — a/) is the reaction field factor, a the average 
polarizability, / - 4 ttTV P ( 2 e - 2 ) / 3 M ( 2 e + 1 ), P the density, M the 
molecular weight and E the applied electric field. (Strictly speaking, 
these factors require some corrections to allow for the anisotropic 
dielectric constant, but as we are interested in the order of magnitude of the 
dielectric anisotropy we shall neglect these corrections. ) g - ^ ( 3 cos^^ 
where $ is the angle w'h’.ch the long molecular axis, assumed to be the 
direction of maximum polarizability, makes with the uniaxial direction. 

To calculate the effective permanent dipole moment, we choose XYZ 
as the space fixed coordinate system, Z being parallel to the unique axis 
of the medium, and f C as the molecule fixed coordinate system, ? 
coinciding with the long axis of the molecule. Let be the Eulerian 
angle between the f — axis and the line of intersection of the XY and f >) 
planes, and the angle between this line and the X-axis. We assume as 
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before that the molecules arc cylindrically symmetric so that the permanent 
dipole moment m is parallel to the long molecular axis. Since the 
potential energy of the dipoles due to the external field is small, we can 
write the effective dipole moment along the field direction as 


[I +(u»i fMt]) hEzIkTl iff sm^jd^^dpj sin^,d^jdp, 

0.2 = 

/•*/ [1 + HEijkT] t/j e^,p^) sin^.d^tdp, 

- _ [1 + (m.i +M, j) /^f’l/Zfr] M.i sin^,d^,dp, sin^^d^^dpj 

/••/ [1 +(M.i+yu.i) hEiIkT] tfi sin^jd^,dpi sin<?^d^^dpj 

where Mzi = cos 


and Mxi = sin sin 6i. 


(The integration over if' is essentially the same as integration over p and 
hence need not be shown separately). The above integrals then reduce 
to the form : 


hF^u2 

Ml = — f cos2^, + cos^i cos^^ ]Ei 

hF2a2 

and M 2 = — ^ sin^Oi -f sin#/', sin#/'j sin^, sin^^ ]£'2 

Since =JV ^ [^. + M.]. 

e„= l+4ff :^^[a + |A«e+ ~(2e+l)+ costf, cosOJ 

and'similarly 

Cx =l+4n- -^— ^[a-JA“G+ (1-0+ sinf'i sin.-', sintf, sintf, ] 


In the case of the nitrile compounds we assume p crl*2, the average 
polarizability a = 28 x 10~-^ cm^, A * 15 x 10"^^ cm^ (evaluated by 

assuming additivity of the bond polarizabilities extrapolated to low 
frequency and a reasonable structure of the molecule ), m 5 D along the 
long axis of molecule. Substituting the theoretically derived Q (figure 2), 
the calculated variation of e|,, as well as e <= i (C||-f- 2cjL)are shown 
in figure 4. It should be emphasized that if the volume variation is also 
taken into account, wc should get a much more rapid temperature variation 
of the dielectric constants especially near but it does not affect the 
orders of magnitude that we are interested in at present. A comparison 
with the experimental data of Schadt shows that the theory does indeed 
lead to the right magnitude of the dielectric anisotropy of these stfongly 
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Figure 4 Variation of the dielectric constants t^^, and e = i (e|, +2ej^) in the 
nematic and isotropic phases A*IB* = 0.5. 


positive materials. It may be pointed out that if there was antiparallcl 
long range order the dielectric anisotropy would be negative (in analogy 
with antiferromagnetism). 

An interesting result that emerges from Schadt’s measurements^ on 
the nitrile compounds is that the mean dielectric constant increases by a 
few per cent at the nematic-isotropic transition, the value being higher in 
the isotropic phase. The suggestion has been made that this may possibly 
be attributed to a second order flexoelectnc effect^*, but in fact a more 
straightforward explanation can be given in terms of the present model : 
the increase in the average polarizability (or dielectric constant) of 
the isotropi c phase ar ises from the decrease in the anti ferroelectric short 
range order P^(cos^^l) at Tc (figure 2). The theoretical variation of the 
mean dielectric constant in the nematic and isotropic phases is shown in 
figure 4. 


Electric and magnetic birefringence in the isotropic phase 

We shall first consider the effect of an electric field on the isotropic 
phase. Unlike the dielectric measurements discussed in the previous 
section which employ low fields, electric birefringence measurements in the 
isotropic phase usually require strong fields, 4 kV/cm. When the field 
is very strong, there is actually a slight shift in the transition tem- 
perature in materials of strong positive anisotropy*^, as is to be expected. 
IJowever, in the present discussion, we shall ignore this small change in 
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Tc (about 5 X I0~^ K for 4kV,cm). The theoretical treatment in this 
case is somewhat more complex because the electric field induces a long 
range order parameter >,( cos 0 ) in addition to the usual long, range 
parameter Q. 

The relative weight for a given configuration of the cluster of ( r + 1 ) 
molecules is now 


/(^.,) g(^) MOi) X(6,) 

where /(<?ij) is the same as defined in ( 3 ), 

) = exp [ 1 APi (cos e, ) -f BP 2 {cos 0,)]lkT\ 

X ( ^, ) = exp [ 1 FhaEPi ( cos 6,) + h f^oLTh^-lFP. ( cos ^, ) j / A'T | 

X ( ) = exp [1 FhtJiEP^ ( cos ^ l^oiFh-E^-Pi ( cos 0^}] / kj ), ) 

and A is another interaction paranietei to be determined. 

Therefore 

fff (0i. Pi \ 01. ri) - /( ^11 ) ^1 ) X( ^, ) X( ^1 ) 

/( ^IJ ) ?( ) x( ) d( cos ) df>, (5) 


Since the induced long range order is very small ( 10~^ or less ) wc may 
use the infinitesimal approximation. We expand / (^,3) as 


CxO 

k=zO 

where 


//’»( cos «,,)/( tf,, ) d( cos »,, ) 

Cfc — ( 6 ) 

//( ^Ij ) d( cos ^,3 ) 

is a measure of the short range order in the absence of an external 
field, and D is the denominator of (6). 

Similarly, 


giS^) X( 0^) = Zai,P^ (cos 0^) 
A:=0 


As before, the consistency relation reads 

^ ( ^ 1 , Pii 0uPi) = ( 01. 9i ; 0i. Pi ). 


( 7 ) 
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Using (5), (6) and (7), the consistency relation takes the form 

1 + <7|/’l(COS ) + ff2f’2(COS « ) 

= p ( constant ) 

X (ff) [ 1 + aifi 7 ’i(cosff) + a2C2/’2( COS «)]*-' 

Wc rewnlc this as 

1 + cosff ) + aiPii cos^ ) = p [^o “H ^1 ^ i( ) -f CiP 2( cos^ ) ] 

where 


= ( w+ i ) ?„,( cos ff ) x( fl ) 1 2 n,f)P| ( cos J ) 1*-' d( cos 9 ). 

J /=0 

Therefore, for the weakly ordered system. 

fli - C,/C„ - (.--1 ) c, (7, + Fh fxEIkT 

, AdFh^E^ (FhnE)^ ,, Fh nE 

02 ^ 1 ) r’2 c 72 t ^ kT ^ ^ ^ 




(C-I ) (2-2) 


07 ft 


Hence, the electrically induced long range order 

P 2 ( cos e^) (h { fl,, p, ; S„ p, ) d( cos fl, ) dp,d( cos 8 , ) dp, 

0^1 = 

^ ?,)<!( cos tf, )dp,d(cosflj ) dpj 

= i ( 02 i f 2 02 + A < I o^ ) 


AaT/|2 £2 {FhnEy l-(z-l)f5 1+C2 

^ ikf^ 1 l-(r-l ) c, ^ 5 11-(z-l)c2T 

I _ cAFh^E^)^ 

15 k^ r I l-( c- l )c, 


The short range order parameters ci and cz depend only on the two 
particle interaction constants A* and B*, If the applied field is magnetic, 
w'c put M-0 and replace Aa by A^ in ( 8 ' to obtain^ 


n 1 + C 2 

=“ l-(z-l)c 2 


(9) 


Since there is no spontaneous Pi{cosB) type of long range order in 
the nematic phase, the second order transition point is determined by 
the temperature T* at which C 2 »* I / ( ^ — 1 )• Thus as has been shown 
previously^, given by (9) varies as {T-T*)r' to a very good 

approximation. On the other hand, if the dipolar interactions are very 
large, Q,| given by ( 8 ) may exhibit a slower variation. For example, it is 
found that for A*IB* - 0«2 and 0-5, the exponent y i.Q as in the case 
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of magnetic birefringence. However for A*IB* =* 3*2, ^'-^0*7. The Kerr 
constant measurements of Schadt and Helfrich^^ on some strongly positive 
nematogenic materials indicate that the y may indeed be less than 1 at 
temperatures well above Further studies on the magnetic and electric 
birefringence of such materials would be of much interest. 

In principle the arguments put forward here should, with suitable 
modifications, be applicable to negatively anisotropic mctcrials also. 
Further, this model has a bearing on the flexoclcctric effect'^. Qualita- 
tively, It can be seen that the magnitude of the effect will be diminished 
because of the tendency of the neighbouring dipoles to be antiparallcl. 
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DISCUSSION 

• 

de Vries : Your model has r nearest neighbours around the reference mole- 
cule. You stated that of these z molecules no two arc nearest neighbours 
of each other. How do you physically picture this? 

Chandrasekhar; It merely implies that in writing down the pairwise 
interaction of the central molecule with its r nearest neighbours, the 
interaction between any two of the z neighbours is neglected. It is an 
approximation that is often used in such problems. 

Blinc : You are in fact using the Bethe approximation. 

Chandrasekhar: Yes, that is correct. It is Bethe’s method as modified by 
Krieger and James for treating orientational transitions in crystals. 


Blinc; Why not also include the Pi type of long range order in the 
theory ? 
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Chandrasekhar : We have made the physically realistic assumption that 
long range antiferroelectric order is not present in the nematic liquid. 
Indeed even ferromagnetism in the liquid state is considered to be 
improbable*. 

Niryananha : Was the exponent of the magnetic birefringence 0*7 from the 
analytical form of the expressions or from fitting the numerical results? 
As a question of principle 1 felt it should be one near for a Bethe type 
of calculation. 

Chandrasekhar : The exponent y ^ \ for magnetic birefringence and < 1 
for electric birefringence when dipolar interactions are large result from 
the analytical form of the expressions at temperatures not too close to the 
second order transition point 7*. The particular value of 0-7 for the 
electric case was, of course, got for a specific ratio of the Pj to P 2 
types of interaction. Very close to 7*, the exponent does in fact tend to 
approach unity. 


sue e.g., Honda K and Kato Y Phys, Lett. 44 497 ( 1973 ) 
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Experimental studies of short range order in nematogens of strong 
positive dielectric anisotropy 

B R RATNA, M S VIJAYA, R SHASHIDHAR and 
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Raman Research Institute, Bangalore 560006, India. 

Abstract. The magnetic and electric birefringence in the isotropic phas<: 
of 4'-/i-hexyJ-4-cyanobiphenyl, a nematogen of high positive dielectric 
anisotropy, have been measured as functions of temperature. Both show 
a (T-T*)"' dependence in the range of temperatures studied. We also 
report the dielectric constants of 4' -w-octyloxy-4 cyanobiphcnyl measured 
in the nematic and isotropic phases. The mean dielectric constant shows a 
slight increase on passing from the nematic to the isotropic phase. These 
results are in conformity with the model of anliferroclcctric short range 
order proposed by Madhusudana and Chandrasekhar. 


Introduction 

It has been experimentally established that the magnetic bircfringcnce’^^.a 
in the isotropic phase of a nematogen can be described in terms of 
de Gennes’ model according to which the temperature dependence is given 
by where T* is the hypothetical second order transition point. On 

the other hand, the electric birefringence of the few compounds that have 
been studied^.^ does not follow this type of behaviour. For example, in 
/ 7 -azoxyanisole ( PAA ) there is a reversal of sign of electric birefringence a 
few degrees above the nematic-isotropic transition point Madhusudana 

•and Chandrasekhar^ have shown that this reversal in PAA can be explained 
on the basis of the phenomenological model when proper allowance is 
made for the contributions of the polarizability and the permanent dipole 
moment. From their theory it follows that compounds with dipole 
moments parallel to the long molecular axis should show a temperature 
dependence similar to that of magnetic birefringence, viz., as 
Schadt and Helfrich^ have measured the Kerr constant ( in the isotropic 
phase) of some compounds with strong positive dielectric anisotropy and 
have reported that the temperature dependence of the electric birefringence 
is expressible as (T-T^y^ where T ranges between 0«5-0«7. They have 
remarked that it would be of interest to see if the magnetic birefringence 
of such compounds also exhibit a slower temperature variation. 

Madhusudana and Chandrasekhar<» have recently proposed a model of 
antiferroelectric short range order in materials which have strong positive 
dielectric anisotropy. Two important consequences of their theory aw 
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( i ) the mean dielectric constant should increase slightly on going over 
from the nematic to the isotropic phase, ( ii ) the electric and magnetic 
birefringence should show essentially the same type of behaviour, viz., 
{T-T*)~\ However, if the dipolar or P,cos<?ij interactions are extremely 
strong, much greater than PiQO^Ss\ interactions, then the electric birefrin- 
gence may exhibit a slower variation at temperatures well above T,, 
whereas the magnetic birefringence should still vary as The 

present experimental study was undertaken to verify these predictions. 

So far no extensive studies of both magnetic ( An^) and electric 
birefringence ( A«g) of a strongly positive material have been reported. We 
have carried out precise measurements of and AWg, using highly 

purified 4'-«-hexyl-4--cyanobiphenyl ( HCB ), over a wide range of tempe- 
ratures. It is established that the temperature variation of both and 

A«g is well represented by {T-T*r^ throughout the range, in agreement 
with the prediction of Madhusudana and Chandrasekhar. We have 
also measured the pnnc.pal dielectric constants in the nematic and 
isotropic phases of 4'-«-octyloxy-4-cyanobiphcnyl ( OOCB ). The value of 
c obtained by extrapolating the isotropic dielectric constant ejg into the 
nematic phase is found to be significantly higher than the mean dielectric 
constant t in the nematic phase confirming an earlier observation by 
Schadt*^. This result is again in agreement with the theory of antiparallel 
correlation. 


Experimental 

( 1 ) Electric and magnetic birefringence : HCB® used in the experiments 


was synthesized in the laboratory. The nematic-isotropic transition tempera- 
ture was 29* 1® C. The conductivity of the sample was of the order of 
10-*o ohm~‘ cm~*. 


The schematic diagram of the experimental set up used for the magnetic 
and electric birefringence measurements is shown in figure 1. Light from 
He-Ne gas laser was linearly polarized at an angle of 45® to the field 
direction. The emergent light from the sample was allowed to fall on a 
X/4 plate whose principal axes were inclined at 45° to the field (electric 
or magnetic ) direction, so that the phase retardation could be measured as 
a rotation of the plane of polarization. The angle of rotation was measured 
by means of a graduated analyzer ( Winkel-Zeiss No. 103071 ) reading to an 
accuracy of 0*02°. The position of the minimum intensity was located 
using , a photomultiplier tube (Philips PW4111) in conjunction with a 



Experimental studies of short range order in nematogens 


71 



Fii;ure 1 Schematic diagram showing the experimental set up used for the electric and 
magnetic birefringence measurements. • 


lock-in-amplifjcr ( Unipan-Selcctive Nanovoltmcicr, type 227, Homodyne 
Rectifier Voltmeter, type 202B ). For magnetic birefringence measuicments 
the incident light was modulaied using an elecironic chopper ( American 
Time Products, type TNC-I.8C) of frequency 4()0 H/.. iA>r elccliic 
birefringence measurements the AC field uself served as the modulation. 

An optical cell of 1 cm path length was used for the electric birefrin- 
gence measurements. Electrodes made of non-magnetic stainless steel 

were inserted in the cell with teflon spacers. The separation between the 
electrodes was 0«32 cm. A 500 Hz AC field of 3* 12 kV/cm was used. As 
the sample had very low conductivity, there was no electrohydrodynamic 
instability at this field. The glass cell was enclosed in a copper chamber 
with suitably provided optically flat glass window^. This chamber was 
electrically heated. The temperature of the sample was measured by 

Chromel-Alumel thermocouple to an accuracy of 0-025'' C. 

• 

HCB being a strongly positive compound its electric birefringence is 
expected to be an order of magnitude greater than the magnetic 

birefringence with the fields normally available in the laboratory. In order 
that the could be measured to the same accuracy as AWg it was neces- 

sary to increase the path length, and a separate cell was designed for this 
purpose. The sample was contained in a narrow teflon tube of length 

10 cm sealed at both ends using optical windows. The sample tube was 
inserted in a copper jacket to ensure good thermal capacity and the 

entire assembly was placed inside a heater whose temperature could be 
controlled accurately. By keeping temperature probes at different positions 
of the sample tube it was ascertained that there were no temperature 
gradients within the sample. A magnetic field of 6-9 kgauss was used. 

The chambers containing the sample cells were filled with nitrogen to 
prevent oxidation of the sample. The cell constants were evaluated by 
measuring the Kerr constant and Cotton-Mouton constant of nitrobenzene. 
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The absolute accuracy of the measurement for electric birefringence was 
found to be about \% and that for magnetic birefringence 1*5%. 

( 2 ) Dielectric constants : The substance studied was OOCB^ which has 



a nematic range of 67 80*5 C. Below 67° Q it exhibits a smectic phase 
which however has not been identified. 

The dielectric constants were measured at 1 kHz using a General 
Radio impedance bridge (Type 1656 ) with a digital readout and capable 
of measuring the capacitance to an accuracy of 0-1 pf. The dielectric 
cells consisted of two tin-oxide coated glass plates. The separation bet- 
ween the electrodes was fixed by 25-50 m thick mylar spacers. The cell 
was kept inside an clcclncally heated copper chamber provided with glass 
windows for checking the alignment of the sample visually during the 
nicMs uremcn Is, This chamber was evacuated and filled with nitrogen. 
Homcoiropic alignment was obtained by treating the glass plates with a 
sill face agent. A 17 kgauss magnetic field was used to align the sample 
homogeneously. The dielectric constant was determined by measuring the 
capacitance of the cell without and with the sample. The bridge voltage 
across the capacitor plates was very low ( 300 mV ) and did not have any 
disturbing influence on the alignment of the sample. The values of 
Ci, obtained from the independent measurements in the two geometries 
matched to within ±0*2%. Thus the relative values of en and ej^ are 
reckoned to be accurate to within these limits, but absolute values are 
estimated to be accurate to only ±3%. 


Results 

The plot of the reciprocal of the electric and magnetic birefringence 
versus temperature is shown in figure 2. The magnetic birefringence 
measured upto 12°C above the transition temperature (T^), shows 
(T-T*) ‘ behaviour throughout. Measurement above this temperature 
was not possible owing to the fact that the variation of An became 
comparable to the accuracy of the instrument. However, the electric 
biiefringencc could be measured upto 25° C above T, and it also shows a 
similar temperature dependence throughout the range. Both measurements 
give the same value of T* {T* ^ 28® C, =* l.TC). 

Figure 3 shows the variation of the principal dielectric constants of 
OOCB with temperature. It exhibits large anisotropy (cn > 2ej.) evidently 
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Figure 2 Plot of the reciprocal of the magnetic and electric birefringence versus tempe- 
rature in HCB. (Both give the same T*. 7’* = 28"C, - T*=zlA*^C). 



Figure 3 Principal dielectric constants of OOCB. ( c is the mean dielectric constant 
evaluated from the experimental values of an and ti. The broken linA 
denotes the extrapolated value of ci«). 




74 


B R Ratna, M S Vijaya, R Shashidhar and B K Sadashiva 

because of the strong dipole moment along the molecular axis. The 
mean dielectric constant, 7 = + 2ei ) is also shown in the figure. 

It can be seen that it is 2-3% lower than the extrapolated value of cu 
denoted by the dashed line. This is in accordance with the theory of 
antiferroelectric short range order in nematic liquid crystals of positive 
dielectric anisotropy. 
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Abstract. The crystal structure of n /> -mcthoxybcn7ylidcnc-/> phcnylazo- 
anilme, a ncmatogenic compound of positive dielectric anisotropy has 
been determined by x-ray d'fTraciion methods using single crystals, tt 
is established that the nearest neighbours are oriented antiparallel with 
respect to each other. 

As part of a programme of x-iay investigations on mesogcnic compounds 
the crystal structure analysis of /t-p-nicthoxybcnzyl:dcnc-/? -plicnylazoamlinc 


/”■ 





N TH 


Oiiu 


in its crystalline phase was undertaken. The compound forms a nematic 
mesophase at 149° C and becomes isotropic at 184' C* 

Orange coloured needles of the compound were obtained by slow 
evaporation from a solution in toluene. The space group and unit 
cgll dimensions were determined from oscillation and Weisscnbcrg pictures 
and are given in table I along with other relevant crystal data. Three- 
dimensional intensity data were collected from reciprocal levels hko, 
•Hkl, H = 0, I, 2, 3, 4 and 5 using nickel filtered copper radiation. It must 

Table 1 


Molecular formula C 20 H 17 ON 3 

Space group P2i/c 

a - 9*79 ± 0-04 A 
t 23-75 ± 0-04 A 
e = 15-67 ± 0-03 A 
P ^ 112 ° 26 ' 

Z = 8 

yu «= 6-356 cm”* 

=» 1-26 gm cm-3 
» 1-25 gm cm-3 





Crystal structure of n-p-methoxybenzylidene-p-phenylazoaniline 



Figure 1 View of the structure as seen perpendicular to the ( i ) o-axis and ( li ) c-axis. 

The thick and the thin lines denote the crystallographicaily independent mole- 
cules in the unit cell. The broken lines denote the -N = N- bond. 
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be mentioned that even with optically clear single crystals the diffraction 
pattern was not of high quality and moreover they did not extend to the 
high angle region. The photographically recorded intensities were estimated 
visually and were corrected for Lorentz-polarisation factors, absorption 
and spot shape effects. 

The solution of the structure was initiated by computing a three- 
dimensional Patterson map. The continuous distribution of vector density 
in the Patterson map indicated only the possible orientations of the mole- 
cules in the unit cell. Trial calculations were, however, carried out on 
the basis of molecular models fixed by examining a few intense low angle 
reflections. The solution of the structure was simultaneously attempted 
by the direct methods* also. The MULTAN computer programme of 
Germain et al?, as modified by Ramakumar and Murthy for the IBM 
360/44 computer, was used for generating the signs of reflections. From 
the E-rnap corresponding to the best solution of the MULTAN, a few 
atoms of one of the molecules in the asymmetric part could be identified; 
but, there was no indication of the atomic positions of the other crystal- 
lographicaliy independent molecule in this map. Using the set of atomic 
positions obtained from the E-map as the starting point and employing 
packing considerations and trial calculat'ons the complete structure was 
derived in several stages. The initial R-factor for the correct model was 
51*9% 1074 observed reflcction>. The positional and thermal parameters 

of the atoms have been refined to R = 17*3% by Icastsquarcs method. 
Further refinement of the structure is in progress. 

Figures l(i) and l(ii) show the arrangement of molecules in the 
planes perpendicular to the a- and the c-axes respectively. The two 
crystallographically independent molecules in the unit cell are oriented 
antiparallcl to each other and arc nearly one above the other, separated 
by a distance of about 5 A along the ^r-direction. The planes of the 
benzene rings in the two molecules are not parallel, the maximum lilt 
between them being about 90'’ near the molecular centres. Also, in each 
molecule, the benzene ring to which the methoxy group is attached is 
tilted with respect to the plane of the other two rings. Detailed descrip- 
tion of the molecular geometry and other structural features will be 
discussed elsewhere. 

The authors wish to thank Prof S Chandrasekhar and Dr S Rama- 
seshan for their keen interest in the problem ; Dr M Vijayan for many 
useful discussions ; Dr B Swaminatha Reddy, Mr T P Singh and 
Mr T N Bhat for help in computations ; Mr S Ramakumar and 
Mr M R N Murthy for making modified version of the MULTAN pro- 
gramme available to them. 
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The structure of liquid crystals 
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Abstract. The investigation of the structure of liquid crystals was earned 
out with the help of x-ray analysis and calculations of statistical disiri-* 
bution functions. The latter arc the functions of inter- atomic distances, 
and their onc-dimensional sections are : ( i ) the linear distribution 

function of atoms in the axis of texture, and ( ii ) the cylindrical 
distribution function of atoms in the basic plane 

The angular distribution of the long molecular axes and the degree of 
orientation in the liquid crystal was also used. 

Besides the calculation method, the method of optical synthesis of func- 
tions was also applied. 

For the study of the structure of liquid crystals one can also use the 
idea of the paracrystalline state and investigate the influence of various 
disturbances on the diffraction pattern. 


In the present work we shall attempt to analyse some problems connected 
with x-ray studies of liquid crystals which have been earned out during 
the last decade. Information on earlier work can be found in the detailed 
review by Brown* and in Gray’s monograph^. 

• 

1. On the classification of liquid crystals 

It is known that the classification of liquid crystals accepted shortly after 
their discovery is of a rather general character. The necessity of taking 
into account the polymorphism of liquid crystal structures, the presence of 
the molecular order intermed ate between a solid and liquid makes it 
necessary to combine the ideas of symmetry with those of statistics. In a 
liquid crystal of an ordinary classical type the elongated molecules arc 
oriented in one direction which leads to macroscopic anisotropy of 
properties. At the same time, the substance possesses the rheological 
properties of a liquid. In a solid crystal the molecules are arranged regu- 
larly in three dimensions. One can describe the liquid crystalline state by 
proceeding from a solid crystal and introducing in it the various distor- 
tions of ordering which can be characterized by statistical distribution 
functions. To these can be referred : 
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1. shifts of the molecules along the z-axis (the direction of pre- 
ferred orientation of the long molecular axes is taken as the z-axis). 
These distortions can be characterized by the displacement function t(z). 

2. azimuthal rotations around the z-axis described by the rotation 

function f ( ). 

3 . inclinations of the molecules to the z-axis defined by the angu- 
lar distribution function of the molecular axes D ( a ). 

4 . deviations in two-dimensional periodicity in the plane XY which 
arc described by the W(xy) function of distortions of the ideal net- 
work. This function can be used both for characterizing the mole- 
cular arrangement within the smectic layers and for characterizing the 
arrangement of the projection of the molecular centers of gravity in the 
basal plane. These functions themselves possess a definite symmetry, and 
therefore their use in one or other combinations characterize the symmetry 
and structure of the liquid crystal. Apparently, such statistical symmetry 
elements as W( xy ), D( a ) arc peculiar to all structures ; on these grounds, 
we can denote them by one symbol : 

B, = [W, (xy), D ( a), f( 4 ^) ] 

The index i = 1 ..5 denotes the two-dimensional translation group : 

1-square group, 2- hexagonal group, 3 - rectangular group, 4 - rhombic 
group, 5 - monoclinic group. Thus the symbol of the structure of the 
classical nematic mesophase can be written as 

(B.) 

where (2) is the symbol of operation of the infinitely small trans- 
lations. Peculiar to some nematic liquid crystals is the pseudo layer 
structure ( 5 ). In this case, the displacement function should be ascribed 
to the molecular group (z). For the oblique cybotactic nematic 
mesophases one has to take into account the angle of inclination of the 
molecules to the pseudo layers p (eN) : ( z ) p ( ). 

Peculiar to cholesteric liquid crystals is the helical symmetry 3, (z) A: 
here C is the period of the cholosteric helical structure (pitch of the 
helix ). 

In order to describe the smectic liquid crystals, it is necessary to 
introduce additional characteristics, namely : to indicate the period C of 
the layer, the symmetry elements (if necessary) characterizing the layer 

itself, the angle p(eN) between the direction of the long molecular 
elements S| describing the mutual disposition of the layers (m, 2, 1) and 
so on. 

Thus the symbol of symmetry of smectic liquid crystals is written as 

- CBSi, p, S2 
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Determination of the various combinations of statistical symmetry 
elements and additional characteristics allows one to separate 60 types of 
smectic structures. 

In an extension of such a systematization one can take into account 
the block structure of liquid crystals. To characterize the block liquid 
crystal aggregate we can use the following notation : 

[x] X [y] 

where [x] is the symbol of the block structure, x - the symbol of the 
mutual ordering of the blocks and [y] - the symbol of the structure of 
the intermediate zones. 

It goes without saying that the above scheme is only tentative and, 
to some extent, hypothetical. Only a few types ol liquid crystal structures 
have been investigated. We can apply to them with certainty some of the 
symbolic notations. 

2. The matrix of distortions and optical modeling of the structure 

Some parameters of disordering of the liquid crystal structures can be 
estimated by using the theory of a “ paracrystal ” The matrix of root- 
mean-square mutual shifts of the centres of neighbouring molecules is, in 
the general case, of the form 

Axx Axr 

Ayr Ayy Ay. . 

Ajx Aiy Aif ‘ 

^ In accordance with these representations we can analyze the influence 
of \irious distortions on the diffraction patterns. To do this we must 
construct two-dimensional models of the structure and obtain diffraction 
ptilterns in a laser beam from their reduced images (masks 

It should be noted that, us.ng two-dimensional models, we cannot 
describe directly the distortions in three dimensions. If the model is 
built up in the a:, z- coordinates, then the deviations along ;; are omitted. 
However, indirectly this can be taken into account by, let us say, imaging 
the inclined molecules of a different length. The rotation of the mole- 
cules in the x. y plane can be earned out by using images of the mole- 
cules of different thickness etc. 

Figure 1 shows a model of the ideal two-dimensional crystal, and its 
diffraction pattern. 

Let us trace the influence of various distortions on the character of 
the diffraction pattern. Figure 2a shows a model in which the periodicity 
between the centers of the molecules is disrupted in the x-dircction ^ the 
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same, naturally, refers to the v-direction ). The matrix components are 
Ax/ and Afx (radial statistics). This leads to the appearance of diffuse 
equatorial reflections (figure 2b). Figure 3 illustrates the influence of 
the shifts. If the latter are insignificant and continuous, then this 
corresponds to the correlated inclination of the layers. Here and 

A/I 5*^ 0. In reciprocal space we have a system of two-dimensional rods 
the diameter of which increases with the z- coordinate. Intersection of 
these rods with the system of the layer planes perpendicular to them leads 
to the formation of point assemblies in zero plane (1 = 0). With increa- 
sing 1-order these assemblies smear out into circles which merge thereafter 
(figure 3b). 

Figure 4a, b shows a model of a smectic liquid crystal with distortions 
of periodicity along the x- and z-axes, and the corresponding diffraction 
pattern. 

Of special interest is the consideration of the inclination of the mole- 
cules relative to the 2- axis, since this distortion is, apparently, peculiar 
to all liquid crystals. A model of the liquid crystal with inclination in 
the layers is shown in figure 5. The angle of inclination for different 
molecules is different, but it changes within the limits of 30® with respect 
to the r-axis. In this case Axt = At/ 0. On the diffraction pattern 
of figure 5b, in addition to sharp layer reflections along the meridian 
(/i = /r=l), we can observe diffuse equatorial reflections. Such diffraction 
patterns bear a strong resemblance to the x-ray patterns of smectic liquid 
crystals (type A). 

Now let us trace the influence of the correlated inclinations of the 
molecules relative to the r-axis. Figure 6a shows a model of the smectic 
liquid crystal with the correlated inclination at an angle p to the z-axis. 
The diffraction pattern of figure 6b has two equatorial reflections located 
along the diagonal inclined to the equator at angle p. The function 
D (a) characterizing the deviation of the molecular axes with respect to the 
texture axis Z is shown up in figure 6b. The intensity maximum lies on 
the beam corresponding to the p angle. 

The alternating inclinations of the molecules in the layers (figure 7a) 
lead to the appearance of four equatorial reflections (figure 7b). 

The models shown in figures 6 and 7 elucidate the structure of smectic 
liquid crystal of C-type. Figure 8a shows a model of the smectic structure 
with variation of the angle of inclination of the molecules from one layer 
to another. The diffraction pattern exhibits six equatorial reflections 
( figure 8a ). The function D ( « ) is shown up in figure 8b. An x-ray 
pattern of the smectic phase E of dipropyl-p-tcrphenyl-4,4' carboxylatc, 
possessing such six equatorial reflections, is given in Ref. (55). It may 
well be that the molecular arrangement analogous to that shown in ihe 
model ( figure 8 ) elucidates the origin of these reflections. 
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The nematic crystals possess shifts in addition to other distortions. 
In this case AxtU Ayt ^ 0. 

A model of the “ ncmatogenic ’* crystal and its optical diffraction 
picture are shown in figure 9. The continuous shift at Axy = Ayx = 0 
without distortions along the x-axis ( figure 10a ) leads to the appearance 
of the layer lines along the meridian (figure lOb). Due to distortions 
along the X- axis (figure 11a), the regions of one-dimensional diffraction on 
layer lines decrease, while at the equator the reflections of intcrmolccular 
interference smear out in the meridional direction (figure 11b). Such a 
picture resembles, in general outlines, the x-ray patterns from real nematic 
mesophases. 

3. X-ray analysis of liquid-crystal structures 

The investigation of nonoriented liquid crystal samples is usually 
earned out by means of an analysis of the change in the interplanar dis- 
tances with the change of temperature^-^, or by measurements of the inten- 
sity of the main reflcctions^o-'^ The most effective method is the calcula- 
tion of the radial distribution functioni^-^^ 

More detailed information on the structure can be obtained from x-ray 
patterns of oriented samples. In this case, in order to analyze the struc- 
ture, we can use the cylindrical distribution function ( cylindrical Patterson 
funCt on )26-44 . 

0(rz) = 2//| F{RZ)\UA2mR)co^{2TTzZ)27rR6RL\Z (1) 

This function gives the most exhaustive description of the structure since 
when calculating it we use the intensity distribution throughout the full 
vf)lume of reciprocal space. 

However, m a number of cases, we can use the onc-dimensional 
•sections of the function 2 ( rz ). The Fourier transform of the intensity 
distribution along the meridian yields the linear distribution function of 
the atoms : 

P ( r ) = p. + ^ / i ( S ) cos ( Sr ) dS ( 2 ) 

This function reveals the intramolecular interalomic distances. The Fouricr- 
Bessel transform of the intensity along the equator gives the cylindrical 
distribution funciton of the projections of the atoms on the basal plane : 

2nrZ. ( r ) = 2n-rZ, + / i { R ) A ( 27rrR ) RdR { 3 ) 

ntegral (3) can also be used for computing the cylindrical distribu- 
^on function of the projections of the molecular axes on the basal plane 
2irrZ„ (r). In this case 
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IF. I 2 

Here I F. I 2 and | F. P are the square of the averaged structure ampli- 
tude of the molecule and its mean-square, respectively. Their values are 
defined by the expressions : 

IF. = [2,^i/.(R)«/.(27rar,,R)P 

IfTT^ =22/,/j/o(27rr,,R) 
k j 

The value 27rrZo is the number of the molecular centers of gravity 
falling on iX". 

• The intensity distribution I ( ^ ) along the arc of the main equatorial 
reflection allows calculations of the degree of orientation of the molecules 
in a liquid crystal : 

S = 1 — I sin^ a 

where 

- 2 _ L^‘^U8)s\n^dde 

^ ~ l{6) i>\n e d6 

Let us consider the problem of polymorphism of liquid crystal phases. 
As already mentioned, we may assume that there exists a large variety in 
smectic structures. Some of them can already be differentiated from the 
investigations of textures and the miscibility criterion which allows us to 
distingunh between modifications A, B, C, D, E, F, G®®. Here wc shall 
restrict ourselves to consideration of the structures which were characteri- 
zed by the x-ray method. 

Phase A. As an example, let us take ethyl ether p-anisalamiqo 
cmnam c acid (EEAC) : 



Th's compound forms, in addition to a nematic phase, smectic phase A 
and a low -temperature monotropic mesophase B. In phase A the mole- 
cules arc grouped into layers in such a way that the long molecular axes 
turn out to be perpendicular to the layers and packed in an antiparallel 
fashion^^. There is a certain statistical angular distribution which is 
characterized by the function D ( a ). The structure appears to be opti- 
cally uniaxial and positive. Stratification of the structure is clearly revea- 
led when plotting the function of the cylindrical distribution of the 
atoms Q(rz) (figure 12). This function was found both by calculation 
and by optical methods. Comparison of these functions is shown V;n 
figure 12. According to the above considered classification, the symmetr) 
symbol of phase A for EEAC will be C : B 2 : 2. 





Figure 9 Model of the ncmatogenic crystal ( a ). and its diffraction pattern (b). 



Figure 10 Shifts and distortions of periodicity in the OX direction ( a ) and the 
corresponding diffraction pattern (b). 



Figure h Model of the nematic liquid crystal (a) and its diffraction pattern (b). 
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Phase B. The low-temperature monotropic modification of FEAC may 
serve as an example. As it has recently been shown, the fad that llic 
layers can glide relative to one another, while witinn the layer there ina> 
be preserved the ordered two-dimensional structure ^an be consi- 

dered as the difference between phase B and phase A. As is shown m 
Ref. (17), the x-ray patterns of EEAC in phase B possess the system of 
diffuse but still clearly expressed hexagonal reflections. In our opinion, 
this may serve as evidence that the molecular ariangcment in smcctic 
layers is characterized by the distribution function Wi ( m 6 : m ) of the 
first kind, so that the symmetry symbol will be C»A2 : 2. The structure 
of phase B for EEAC is optically uniaxial and positive. 

It is known that in phase B there may exist a correlated inclination 
of the molecules in layers**^* p-Bcnzylidcnc-di-p-butylaniline ( BBA ) 
may serve as an example of such a compound. In contrast to IT AC, 
the molecules in the layers have a correlated inclination in this compound, 
thereby making an angle of 32'" With the smcctic planes (iiguie 13). 
Thus, in this case, the symmetry symbol will be C*B2:2*9. 

Phase C. As an example of C-type mesophase. we take p-nonyloxy- 
benzoic acid (NOBC) the molecules of which form dimers: 


/ \ O;- ^ 


The molecules in smcctic layers have a correlated inclination 9 = 54*. 
This is clearly revealed by the characteristic arrangement of the inter- 
mdlccular reflections. They split into four maxima^'^ ; this is expressed in 
, the form of the function g(iz) shown in figure 14. This function is 
calculated for a sample oriented by an electric field. The model data 
indicate that the 54® maxima comprise the interatomic vectors directed 
along the long molecular axes, and owe their origin only to intra- 
molecular interference. These maxima well coincide with those of the 

2 

self-convolution function p (r) plotted for the point distribution of the 
atoms in a NOBC molecule. A possible variant of the smcctic phase 
packing is shown in figure 13; the corresponding optical modelling is 
illustrated in figure 7. The symmetry symbol must include the mirror 
plane parallel to smectic layers and the defining change in the inclination 
of the molecules from one layer to another. 


C-B«m*9. 


The homologues of /?-alkoxyazoxybenzene, for instance, /7-heptyIoxya- 
zoxybenzene ( HOAOB ) may serve as another example of C-phase-lbrming 
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substances. The angle of inclination, 9, of the molecules in the layer 
IS equal to30°^2‘2l The x-ray patterns do not reveal any change in the 
direction of the molecular tilting. Therefore, in this case the symmetry 
symbol will be C*B-9. 

Phases D, E, The investigation of these phases has been carried out 
in Refs. ( 12, 13). It is known that phase D is optically isotropic, and 
Its “outer ring” is very weak. Thus the cubic packing of the 
particles representing the spherical agglomerates of molecules with the 
packing period a = 61 may be suggested. The x-ray patterns of modifi- 
cation E possess three closely located maxima instead of one reflection in 
the region of the “outer ring”. We believe that this may be the conse- 
quence of the change in the inclination of the molecules in layers which 
is illustrated by the optical modelling of the structure (figure 8). 

As for the structure of nematic liquid crystals, it is known that in the 
classical case, for example, for /7-azoxyanisole the substance was thought 



to be a complex of independent molecular swarms containing the lO^— 10“^ 
molecules. Eater on, the medium of the liquid crystal was assumed to b.e 
continuous. In this case the symmetry of the classical nematic mesophase 
can be written as 

T (2) . B 

When the nematic mesophase is formed from the smectic one, and especially 
at temperatures not too remote from the point of phase transformation, there 
may exist the “fragments” of smectic layers, i.e., small agglomerates of 
molecules. The nematic phases of NOBC and NOAB which are formed 
on melting the smectic phase C may be used as an example. In this case 
the x-ray patterns show a “two-points” or “dumb-bells” appearance in 
the region of small angles corresponding to the molecular length. This is 
conditioned by reflection of pseudo stratified groupings from planes 
(figure 

The bifurcated small-angle x-ray reflections owe their origin to t^e 
pseudo stratified structure and tilted arrangement of the molecules iV. 
pseudo layers. To estimate the sizes of these groupings one can use the 
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Figure 15 ( a ) X-ray pattern from smectic phase of NOBC oriented by an electric 

field and scheme for the molecular packing: 

(b) structure model, 

(c) optical diffraction pattern from the model. 
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work^5 where structural factors for oblique crystallites were calculated. If 
we assume that to an oblique crystallite there corresponds a pseudo layer 
and that the form of the dumb-bell-like reflection is defined by the para- 
meter — = 0.8, then, taking, for instance, 9 = 34“ ( at / = 90“C ) and 
a ' 

NOAB we find 6 = 33 A. Thus pseudo stratification extends to 
the groups which consist of 30 to 40 molecules. The symbol of such a 
cybotactic “oblique *’ mesophasc is B 9. 

4, Investigation of the structure with the help of the distribution function 

The examples of the distribution function Q {vz) used for chaiacten/ing 
the mesophase structure have been given above 26-39 

In order to analyze the influence of the external factors — tcmperalurc,* 
flow, electric and magnetic fields etc., on the structure of a liquid crystals 
it is quite sufficient to use only one-dimensional functions p(r) and 27TrZ(r) 
As an example, let us present curves p(r) for the system p-isobuty!bcn/.ala- 
minonaphthylazobcnzcne (AP)^^. Both substances belong to one honio- 
logue series. The AP molecule differs from the BP molecules in the 
presence of an extra CH2 group : 



The curves p(r) for mixtures of different composition arc shown in 
figure 18. It can be seen that all the curves possess the 2.1 A peak. If 
we project all the atoms of the molecule on to the z-axis and find the 
average most-frequently occurring distance, then this latter will be equal 
to 2.4 A. Taking account of statistical tiltings of the molecules near 
Z (c^ ^ = 0.88) leads to the decrease in this distance down to 2.1 A which 
explains the origin of this peak on the p(r) curves. The averaged 
distance for BP molecules is 4.4 A, for AP molecules it is equal to 
4, 2 A» and with consideration of the inclination these distances decrease 
to 3.96 A and 3.7 A, respectively. These values elucidate the origin of 
the/ corresponding peaks on the p(r) curves. The peaks of the cylindrical 
c^'ilribution function 27rrZ(r) owe their origin to both intramolecular 
<<ind intermolecular interference. The contribution which arises from intra- 
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molecular interference prevails. The dependence of the function 27rrZ, (r) 
on the magnitude of a magnetic field for p-heptyloxyazoxybenzene at 94“C 
(figure 19) can be used as an example. The peaks become sharpened and 


•Figure 18 Linear distribution functions of the 
atoms for the mixtures AP and BP. 
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Figure 19 Functions 2 x r Z* ( r ) for 
/>-hcptyloxyazoxybenzcne oriented in 
different magnetic fields at t = 94°C. 
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Fijjure 20 Functions 2 rZm ( r ) f«r 
/> azoxyanizolc oriented by an cleclnc 
field at different temperatures. 


are displaced to smaller distances when the field increases. This indicates 
an increase in the molecular ordering. 

• An example of the cylindrical function ol the projections oi the 
molecular axes on the basal plane 27 rrZ. ( r ) is shown in figure 20 for 
PAA oriented by a constant electric field at different temperatures. With 
"increasing temperature the peaks on the curves smooth out. 

The function ( a ) characterizing the structure of a liquid crystal is 
important, too. It defines the distribution of the molecular axes relative 
to the z-axis, and determines the number of the molecules dN, the long 
axes of which make angles from a to a -{- d «. 

The measurement of the intensity distribution along the arc of the 
main equatorial reflection enables us to calculate the degree of orientation 
S. Let it be noted that the degree of orientation 5 is the microscopic 
value, it approaches the degree of ordering S — the thermodynamic para- 
meter of the mesophase^5-50 at a sufficiently homogeneous orientation of a 
sample as a whole. 

In particular, the temperature dependence of the degree of orientation 
depends on the value of the orientational factor^z-^^. As an example, we 
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take the dependence of S for PAA on magnetic field strength (figure 21). 
The value is first seen to increase rapidly with the change of the field up 
to 1000-2000 G, then the increase of AS I AB considerably slows down 
but up to 18000-19000 G a slight increase can still be observed. The 
analogous dependence can also be traced for the change in the birefrin- 
gence value An = An(H)^®. 

The function Z) ( a ) for PAA at / = n8°C oriented by a magnetic 
field of 8000 G is shown in figure 22a. In the expression for sin^ ot the 
a-anglc is the average angle of inclination of the molecules relative to z. 
In fact as it has been determined, the function i)(a) represents the 
density of the long molecular axes on a sphere of molecular orientation. 
Hence, llie number of the molecules of the aggregate dN ( a ) which lie 
1 C the interval from a to a-j-Ja will be: 

dN ( a) = D ( a ) sin ot da 

The change dN for A« = 3® found from the values D (a) for PAA is 
characterized by the Gaussian distribution about the average value a = 30* 
{ figure 22b ). 



Figure 21 Dependence of the degree of orienta- 
tion S for /^-azoxyanlzoIe vs. magnetic field. 




Figure 22 ( a ) function /) ( a ) for ;^-azoxyanlzole, ( b) dependence of the number 

of dN molecules on the angle of inclination relative to the z-axis. 
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X-ray studies of liquid crystals* : V. Classification of thermo- 
tropic liquid crystals and discussion of intermolecular distancest 

ADRIAAN DE VRIES 

Liquid Crystal Institute. Kent State University, Kent, Ohio 44242, USA 

Abstract. Several modifications in the current system of classification of 
liquid crystals arc proposed Nematics are divided into ordinary, 
intermediate, normal cybotactic and skewed cybotactic ; cholesterics 
are defined as comprising two types, nematic cholesteric (spontaneously 
twisted nematic) and smectic cholesteric (spontaneously twisted smec- 
tic C) ; smectic E is separated into normal E and tilted E; smectic G 
is indicated as a possible variant of smectic E; and smectic H is set 
apart from smectic B. The diffraction patterns of the various phase 
types ( both random and aligned ) are discussed, in particular with 
reference to their use as a classification tool, and many examples of 
diffraction patterns are given 

A comprehensive study is made of the average intermolecular distance 
D which IS obtained from the diameter of the outer diffraction ring(s). 
D ranges reported are ( m A ) : 4.97 ( Sh ), 4.85-4.98 (Sb)» 4 88-4.97 
(S, ), 4 85-5.15 ( N,« ), 4.93-5 13 (No), 4.96 5.46 ( 1 ). All data are 
combined in one graph, and the discussion centers around an analysis 
of this graph. Some comments are made about the packing in the 
most dense ( lowest D ) phases. 


PART 1 

Nomenclature and classification 

J\elationship between our classification and that of Sackmann 

Present classification of liquid crystals rests heavily on the work of 
Sackmann and his co-workers, Arnold, Demus and others. Sackmann’s 
classification is based mainly on the “miscibility rule”, developed by him 
and his colleagues. This rule says that if two liquid crystals arc miscible 
in all proportions, they belong to the same type. With this rule, 
Sackmann and co-workers have been able to assign all liquid crystal 
phases investigated by them to the types listed on the first line of table 1 : 
one nematic phase, N, and seven smectic phases, A through GL The 
miscibility criterion does not recognize the cholesteric phase as different 
from the nematic phase, but Sackmann and Demus* make an exception to 


* This is a continuation of the series formerly entitled “X-ray Photographic Studies 
of Liquid Crystals**. The previous paper in this series is Ref. 21. 

t Research supported in part by the National Science Foundation under Grant 
No. GH34164X. 
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Table 1 Classification of liquid 


SACKMANN : N 



N 


crystals 

A B C D E F G 






their own rule by allowing a different symbol, Ch, for the cholesteric 
phase “because of the well-known differences in their structures and their 
properties” between N and Ch phases. This is indicated on the second 
line in table 1, where the one N phase is subdivided into the regular 
nematic phase, N, and the cholesteric phase, Ch. 

It IS important to note that this distinction between N and Ch is 
based not on the miscibility criterion, but on differences in structure and 
properties. Using the same argument, /.e , differences in structure and 

properties ( with particular reference to the structure as indicated by the 

x-ray diffraction pattern, and to the optical properties ), we would like 
to propose some modifications in the classification scheme presented in 
the first two lines of table 1. These modifications are indicated on the 
third and fourth line of table 1 (identified by “ we “ ). The relationships 
between our symbols and Sackmann’s symbols are indicated by lines : full 
lines for proven relationships, dotted lines for suggested relationships. 
So as not to overcrowd the picture, no lines have been drawn if the 
symbols arc the same and if there is a one to one relationship ( e.g., our 
A and Sackmann’s A are identical ). Below we will discuss the various 
relationships in some more detail. 

In the last line of table 1 we have indicated how we group the phase 

types into the three main categories of nematic ( N ), cholesteric (Ch) 

and smectic { S ). 

C/se of the diffraction pattern for identification 

The x-ray diffraction pattern of a liquid crystal ( randomly oriented ) 
consists of one or more “inner rings” (diffraction rings close to the 
center of the diffraction pattern ; the corresponding diffraction angles are 
of the order of a few degrees ) and one or more “ outer rings ” (diffraction 
rings with diffraction angles of the order of 20'’ ). 

Random N phases have one inner ring and one outer ring, and both 
arc diffuse (figure 1 ). Isotropic (I ) phases have similar diffraction patterns, 
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but the inner ring is generally more diffuse than that of the corresponding 
nematic phase. The best way to distinguish^ by x-rays, between N and 1 
is by using “aligned” samples: for aligned N phases the rings split up 
into crescents or spots, whereas I phases usually cannot be aligned and 
will always show rings. 

Differentiation between the various types of N and Ch phases cannot 
be commented upon without getting ahead of our discussion, and hence 
will be deferred till below. 

The distinguishing characteristic of random S phases, as compared to 
N or I, is that the inner ring is sharp, and that there may be more than 
one ( the various inner rings correspond to the different orders of diffrac- 
tion against the smectic planes ). To differentiate between the man^ 
types of S phases one considers the appearance and the number of the 
outer ring(s) and the way in which inner and outer rings split up on 
alignment, as will be discussed in some detail below. 

The diffraction patterns of the most highly ordered S phases arc rather 
similar to those of some crystalline ( K phases. A discussion of the 
differences between lliesc S and K patterns would become too involved, 
and falls outside the scope of this paper. 

Nematic phases 

As indicated in table 1, we have divided the nematic phases ( N ) into 
“ cybotactic nematic” ( Ne ‘‘ordinary nematic” ( N® ),* “inter- 

mediate nematic” (Ni); the cybotactic nematic phases can be further 
subdivided^ into “normal cybotactic nematic” ( N,, ) and “skewed cybo- 
tactic nematic ” ( Nsc ). 

iJifference between skewed cybotactic and ordinary nematics : Nsc and N# 
phases can be distinguished by their very distinctly different x-ray diffrac- 
• tion patterns (figure 2). For randomly oriented samples the most obvious 
difference is the relative intensity of the two diffraction rings ( top two 
photographs in figure 2): for No, the intensity of the inner ring is less 
than, or at the most equal to, the intensity of the outer ring; for Nic, 
the intensity of the inner ring is far greater than that of the outer ring. 
For aligned samples the most striking difference is the appearance of the 
maxima in the inner ring (bottom two photographs in figure 2): for N, 
we find two crescents, for Ng© four discrete spots. It was the location of 
these four spots that led us to the formulation of the structure of the 
N*c phase whereas in the N, phase the molecules arc free to movc-with 
respect to their neighbors-in the direction of their long axis, in the Ngc 
phase the molecules are regularly arranged in groups (cybotactic groups, 


• Earlier,* we used for this kind of nematic phase the name “classical nematic’*, 
but this name yields the same abbreviation N. as docs “cybotactic nematic**. 

For this reason we now prefer the name “ ordinary nematic “. 
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sec figure 3), and within these groups the molecules arc no longer free to 
move in the direction of their long axis but arc locked in place much 
like in a smectic layer, 

Cybotactic groups as pretransition effect: In their recent papers, Sackmann 
and Dernus* and dc Gcnncs29 appear to regard cybotactic groups as a 
pretransition effect. While this may be so, we have to point out that 
the cybotactic nematic phase of bis- ( 4'-/i-octyloxybcnzal )-2-chloro-l, 
4- phenylenedianriinc^ presents a behaviour which is rather unusual for a 
pretransition effect. The structure of this cybotactic phase, although 
changing continuously for the first lOO'^ C below the N-I point, remained 
virtually unchanged from about 20"C above the K-N point all the way 
down to the K N point : the overall appearance of the diffraction pattern 
itayed the same, the intermolccular distance between the molecules and 
the interplancr spacing of (he cybotactic groups were constant, and the 
variation m the angle of tilt was within the error of the measurement 
(for numerical data see table 2 in Ref. 4). 

Normal and skewed cyhotactics : As indicated in figure 3. in the Nse phase 
the angle (<p) between the long molecular axis and the boundary planes 
of the C)botactic group is significantly different from 90'^ ; for this reason 
we have called this phase skewed cybotactic. From general cons. derations^ 
one would expect that there would also exist normal cybotactic nematics 
(Nnc)with 0 = 90®, but the existence of these phases has not been verified 
so far (hence the dotted line in table I between and Nnc )• 

Intermediate nematics : In tabic 1 we have inserted, between No and No, 
the intermediate nematic phases, Ni. In this group we classify those 
phases that are not distinctly cybotactic but neither completely ordinary. 
We think here, in particular, of some of the 4, 4'-di-n-alkoxyazoxybcnzencs. 
The ethyl, butyl, and higher members of this series have ( in their nematic 
phase) x-ray diffraction patterns^ that definitely identify them as N,c 
phases'*. The diffraction patterns of the methyl and propyl members look 


Figure 3 Schematic representation of a skewed cybotactic 
group. The heavy full lines indicate the molecules, the 
broken lines give the positions of the boundary planes 
which arc perpendicular to the plane of the paper. 
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much like those of No phases, but because of the strong cybotactic 
character of the other homologues we consider it probable that the 
nematic phase of the methyl and propyl compounds has remnants of 
cybotactic structure, and hence we would like to classify it as N|. For 
this reason we also consider these compounds a rather poor choice for the 
measurement of properties of the ordinary nematic phase. This conclusion 
is not without importance, since the methyl homologue, p-azoxyanisolc, 
is probably the most extensively studied of all liquid crystals. 

Cholesteric phuses 

Nematic cholesterics and smectic cholesterics : The cholesteric phase (Ch) 
has also been called “twisted nematic “ or, probably better, “spontaneo- 
usly twisted nematic”. We propose the name “nematic cholesteric” and* 
the symbol Ch„ for these phases, to emphasize at the same time their 
cholesteric character and their relationship with nematic phases, and to 
distinguish them from a new kind of cholesteric phase which we want to 
introduce into the Ch category. It is well established now'*"*- that just 
as there are spontaneously twisted nematic phases there arc also sponta- 
neously twisted smectic C phases, and for these phases we propose the 
name “smectic cholesteric” and the symbol Ch,, to indicate that they 
behave optically as cholesterics^ ( they were originally even classified^ as 
cholesterics), but that structurally they are related to the smectics.* 

This classification of twisted Sc phases as cholesteric phases would 
remove an inconsistency in Ref. 1 with regard to the optical properties 
of Sc- In table 2 of Ref. I, Sc is described as optically biaxial, but on 
p. 259 of Ref. I it is noted that twisted Sc phases can have pseudoiso- 
tropic textures, which implies that twisted Sc is uniaxial (as one would 
predict on the basis of its structure). Our designation Ch, separates 
these uniaxial phases from the biaxial Sc phases and puts them with Ch, 
in the uniaxial Ch category, and thus removes any conflict with respect 
to the optical properties. 

X-ray diffraction patterns: The x-ray diffraction patterns of Ch, phases 
are quite similar to those of N phases, and those of Ch, phases are 
similar to those of Sc phases. One difference is that because of the 
twisted structure it is not possible to have a preferred direction for the 
molecular axis, and thus photographs like those for aligned nematics 
(figure 2) or aligned smectic C’s (see figure 6 below) are impossible. 
We have no data on Ch, phases, but for Ch, phases we have always 
obtained diffraction rings without maxima and minima (just like in the 
isotropic phase). This is quite a contrast with the behavior of N phases, 
for which we have found it extremely diflicult to obtain uniform diffrac- 
tion rings. 


Our symbols Chn and Ch, can also be taken to stand for the “chiral nematic” and 
“chiral smectic”, names which have been used for these phase by other authors. 
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Cholesterol related compounds also distinguish themselves from most 
other liquid crystalline materials by the much smaller radius (25«16®) 
of the outer ring in the x-ray diffraction pattern (usually the outer ring 
has 26 w 20® )^. To stress that this is a property of the cholesterol mole- 
cule and not of the cholesteric phase we have shown this difference in 
figure 4 for the isotropic phases of two representative compounds. 


Smectic phases 

Division into classes: For the classification of smectic phases we have 
already proposed elsewhere’ a scheme in which the phase types are grouped 
into three main classes (called a, j?, and y ) on the basis of the structure of 
the phase as evidenced in the appearance of the outer diffraction ring(s). 
*This new classification is summarized in table 2. It has the advantage of 
grouping together phases of similar structure, and thus it forms a more 
convenient basis for the discussion of the various phase types. Examples 
of diffraction patterns in the three main classes are given in figure 5. 


Class a 

Our smectic A, D and F classifications are identical to those of Sackmann 
( table I ). Our smectic C phases are those of Sackmann minus the “twisted 
smectic C phases’* which we have classified as cholesterics (table 1, and 
above under “ Cholesteric Phases “ ). 

Smectic A and C. Examples of well aligned smectic A and smectic C 
phases arc given in figure 6. The line one can draw between the centers 
of the maxima in the outer ring stands perpendicular to the preferred 
direction of the long axis of the molecules^, and the line one can draw 
through the inner ring maxima stands perpendicular to the preferred direc- 
tion of the smectic planes. From this it follows that in the A phase of 
figure 6 the molecules stand perpendicular to the smectic planes and in 
the C phase at an angle* (our measurements of this angle on x-ray photo- 
graphs gave a value of 41® for the angle between molecules and planes ). 

Table 2 Classification of smectic phases 


Outer ring 

Phase type 

Class 


Diffuse 

A, C, F, (D) 

a 


Sharp, one 

B 

0 


Sharp, several 

E, G, H 

y 



There art indications that the distinction between and Sc is not always as 
cloar-oit as in this case. We hope to discuss this in more detail elsewhere. 
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Smectic F. We have no x-ray photographs of aligned Sp phases, and 
to our knowledge none have been published, but since F appears to be 
similar to we expect the diffraction patterns to be similar too. 

Diffraction patterns of a randomly oriented sample of a compound which 
exhibits F as well as C and A are shown in figure 7. The diameter of the 
inner ring is seen to decrease in the order F C A, indicating an increase 
in layer thickness, presumably due to a decrease in till f. The outer ring 
increases in width (in the same sequence), signifying a decrease in order 
with temperature ( as one would expect ). 

Smectic D. Smectic D is characterized by the appearance of its inner 
diffraction ring in aligned samples*^ : the ring splits up into six spots in 
an approximately hexagonal arrangement (figure 8). The structure propo-^ 
sed for So on the basis of thiS hexagonal arrangement*^ is quite different 
from the structure of all other smectic phases, and thus there is some 
doubt as to whether So should be called “ smectic’*. For this reason we 
have put So in brackets in table 2. 

Class p 

The only phase type in this class is Sb» arid in our B category we do 
not include the H phases, although the miscibility criterion would equate 
H with We differentiate between B and H because in our opinion 

there are significant structural differences between the two types: whereas 
Sh has a well defined three-dimensional lattice*^, we submit that Sb has 
not more than a two-dimensional lattice, confined to the ind.vidual smec- 
tic layers^ This difference in structure is reflected in differences in the 
x-ray diffraction photographs. In figure 9 we have diffraction patterns 
from two very well aligned samples of H and B, both with the preferred 
direction of the molecular axis approximately parallel to the inc.dcnt x-ray 
beam. The main differences are: (a) H has many sharp reflections 
originating from well defined lattice planes, B has no sharp reflections 
o<her than the six maxima on the outer ring *. ( b ) The six sharp outer 

maxima of B are of approximately equal intensity ; because of the three- 
dimensional lattice of H this would never be possible for this phase. 


t Decrease of tilt with increasing temperature is a quite general phenomenon in liquid 
crystals : we have noticed that the smectic layer thickness is always greater than 
(or at least equal to) the layer thickness in the corresponding crystalline phase. 
Sc always precedes Sa (if both are present)^ and TBBA shows a continuous 
decrease of tilt with temperature* h *2. 

J During the writing of this paper another manuscript” came to our attention which 
also differentiates between B and H, describing B as “a transJationally ordered 
phase with no orientational order ” and H as “a phase with translational and 
orientational order 

♦ The maxima look diffuse because of over-exposure ; shorter exposures show the 
maxima to be sharp. We reproduced here the over-exposed photo so as to allow 
better judgment of the presence of weak additional maxima. ( We could not find 
any). 
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Class 7 

Smectic E. For this phase wc propose (see table 1) a subdivision into 
F, ( normal \ ) and l^ (tilled E ). X-ray data for some E phases suggest 
the molecules to be oriented normal to the smectic planes,^* *3 and 
this has been confirmed by studies* which indicate an optically uniaxial 
structure. These phases wc would like to classify as E,. Other E phases 
appear to be optically biaxial,*^ which suggests that the molecules here 
are tilted with respect to the planes. These phases we would like to 
classify as L,. This distinction between E. and Ej would avoid (just like 
the distinction between Ch, and C, made above) having uniaxial and 
biax al phases with the same classification. 

• Smectic G. As indicated by the dotted line in table 1 between 
Sackmann’s G and our E, we would like to suggest the possibility that G 
and 1^ basically have the same structure f- The distinction between G and 
\ has been made* solely on the basis of their diffraction pattern (especially 
the outer rings ), and in our opinion the two diffraction patterns are 
actually quite similar (figure 10). E has two strong outer rings, relatively 
close together, and a weaker one, somewhat farther out. G has two 
stiong outer rings, quite close together, and a much weaker one, a little 
farther out. Thus the diffraction patterns suggest thit the difference 
between E and G might be a difference in detail rather than a difference 
in kindj;. f'urthcr studies, especially of aligned samples, of a larger 
variety of E and G phases will be necessary to settle this point. 

Smectic //. Our reasons for distinguishing between B and H have 
been discussed above under “Class Wc would like to add here some 

comments concerning the possibility of finding both normal and lilted 
structures in H and B (as under “Smectic E” where we distinguished 
between E, and Ej ). It is clear that in Sackmann's B category there arc 
normal (uniaxial) as well as tilted (b. axial) phases *• *8 ; thus, if H 
would not be recognized as a different category, we would advocate a 
distinction between B. and Bj. Within our classification scheme (table 1 ), 
however, so far only normal B phases*^' 20 tilted H phases (BBEA*^* 
and TBBA*^ ) have been found. The fact that the tilted phases appear to 


t The layer thickness for the G phase reported in Ref. 10 suggests a tilted structure 
( from the data in Ref. 10 we calculated an angle of 48° between molecules and 
planes). Thus, G might be really Et, and it would be interesting to compare its 
diffraction pattern with that of the Et phase of Ref. 17. 

X Pursuing the direction of change from E to G (i.e., narrowing of the separation 
between the two strong outer rings and decrease of the intensity of the weaker 
outer ring) to the limit, one arrives at the diffraction pattern of B (only one 
strong outer ring). This suggests the possibility of a close similarity between the 
structures (within the smectic layers) of B, E and G. 

* We now prefer the abbreviation BBEA over BEA (used in Ref. 15), so as to be 
consistent with the abbreviations used for other members of the same homologous 
senes*'. 
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DWrtction patterns of very well aligned samples of Sa (left) and S. 
(right). For Sa the molecules are dose to being parallel with the incident 
x~rEy beam, for Sm they are almost exactly parallel. 


SMECTIC E 


SMECTIC G 





101 


X~ray studies of liquid crystals 

be the more ordered ones agrees with the general trend in this respect 
found in liquid crystals ( note, e.g.y that, if a compound has both A and 
C phases, C always prececds A in order of increasing temperature >*3. 
also footnote f on page99). 

Three dimensional lattice. The x-ray dilTraclion patterns of and 
indicate that both structures have a three-dimensional lattice 
Thus the difference between these phases and crystalline solids might be 
merely the extent over which the three-dimensional lattice persists. This 
dependence of phase type on the extent of local order appears to be a 
general principle in liquid crystallinity, as indicated in table 3. 

Table 3 Phase types differing by the extent of local order 


Type of order 

Short range 

Long range 

Three-dimensional lattice 

s„ 

K(a) 

Pscudo-hcxugonal packing 

(Sf, Sc, 

Sh ( Sb ) 

parallel arrangement, layered 

N.C 

Sc 

Parallel arrangement, random 

I 

No 


(a) K = crystalline solid 

(b) Phase types between brackets arc merely suggested as possibly belonging in the 
categories indicated 


Difference between y and phases. In table 2 we have used the 
cl^racter of the outer ring(s) to distinguish between ^ and v phases. As 
stressed elsewhere,^ this is only a preliminary classification. We expect 
that the fundamental difference between ^ and y phases will turn out to 
the presence of a three-dimensional lattice in y phases and its absence 
in phases. 


PART II 


Intermolecular distances 

Introduction 

The structural parameters that can be obtained from the positions of the 
x-ray diffraction maxima^z (/.e., from the corresponding d.ffraction angles) 
are indicated in figure 11 and listed in table 4. We will confine our 
discussions here to the average intermolecular distance ( D ) between 
neighboring parallel molecules ( :i limited discussion of / and d values 
may be found in Ref. 21 ) of all liquid crystalline and isotropic phases 
for which we have been able to find reasonably accurate values. This 
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NEMATIC or ISOTROPIC 


0 

Figure 11 Schematic representations of the molecular arrangement in N# or 1 (left) 
and Sa (right). The lines arc the molecules. The molecular length is 
indicated by /, the mtermolecular distance by Z), and the layer thickness 
. by d 

Table 4 Structural parameters in various phases that can ( + ) or cannot 
( - ) be determined 


Parameter S N I 


SMECTIC A 

iiiiiii mill 

iniiiiiiiiii 

III! II 1 1 III irp 

iiiiiiiiiiiir' 


Inter-molecular distance D -f 

Molecular length / — 

Layer thickness d 4- 


"I" 

± + 

± ~ 


parameter D is calculated from the diffraction anglc(s) of the outer diffrac- 
tion maxima. It is of particular interest because it gives a good indication 
of the packing density of the material concerned. 

Presentation of data 

D has always, in all phases, been found to increase with tempera- 
ture An example of this temperature dependence has been given 

in figure 12 2 ^. The most exhaustive way to analyze possible trends and 
relationships between the available D data would be to plot the data for 
each compound as in figure 12 and to combine the plots from all com- 
pounds. We found, however, that such a combined plot becomes extremely 
difficult to survey. For this reason we have plotted the data as follows. 
We have first classified all data according to phase type, and arranged the 
phase types in sequence of decreasing order. Within each phase type we 
have arranged the compounds in sequence of increasing magnitude of the 
lowest temperature of measurement for each compound. The data are 
listed in table 5 and the resulting graph is shown in figure 13. 

Smectic phases 

TBBA data : The D values for the H and A phases of TBBA ( the two 
squares in figure 13 connected by straight lines to the single square in the 
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Din A 



Figure 12 The intermolecular distance D as a functon of temperature, in the S^, No, 
and 1 phases of EABAC** (see table 5). The last value in the Sa range, 
near the S-N point, probably represents a prelransition clTect. 



Figure 13 Plot of D according to phase type and compound. Squares generally re- 
present single measurements (squares were used instead of lines, for better 
visibility), rectangles represent the ranges of D for the temperature ranges 
investigated (usually the full stability range). 


C region ) appear to be exceptionally high when compared with the other 
H, B and A values. This is also apparent from the calculated density^! 
of the H phase of TBBA, which is 0*99 gr/cm^, as compared to the lowest 


* Since the packing within the smectic layer may be expected to be similar for B 
and H, the D values may be expected to be similar too. , 



Table 5 Data used in figure 13(a) 
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calculated density for the other B and H phases, which is 1*05 gr/cin\ 
We do not know whether or not these high D values are caused by 
errors^ 2 ^ l^ut wc shall drop them anyway because we are concerned here with 
finding general trends and relationships, and for this purpose it is better 
to leave out all clearly exceptional data. We cannot judge the D value 
for the C phase of TBBA, since it is the only C phase measured, but, to 
be on the safe side, wc shall omit this data point in our subsequent 
discussions, too. 

EBAC data : For the B phase of EBAC (the third compound in the B 
region in figure 13) wc have data from two sources: one single value from 
Ref. 19 and data for the full stability range from Ref. 23 (tables). Since 
the single value falls outside the full range, at least one of the sources 
must be in error. The D values from Ref. 23 arc much lower than any of 
the other D values in figure 13; the lowest D yields a calculated density 
of 1«31 gr/cm^ which seems extremely high for a smectic phase^s. For 
this reason the EBAC data from Ref. 23 appear questionable and will be 
left out in our subsequent discussions. 

Remaining smectic data : Leaving out the exceptional data from TBBA 
and EBAC, wc find that the remaining smectic data (figure 14) fall within 
a very short range, varying only from 4*85 A lo 4*98 A (table 5). 

This lack of difference, between Sa on the one hand and Sb iind Sh 
on the other hand, is somewhat disturbing. B and H phases arc low 
temperature phases with respect to A phases, and B and H phases have a 
more regular packing of the molecules within the smectic layer than A 
phases. Thus one would expect D to be lower for B and H than for A, 
but figure 14 indicates D to be about the same for B as for A and possibly 
even somewhat higher for H. This disturbing general trend is confirmed 


Figure 14 As Figure 13, but with some 
exceptional data left out. 


0(k) 


I “111 
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by two specific cases: in TBBA (with the sequence H — C — A) the D for 
Sh is considerably higher than for Sc and Sa (figure 13, table 5), and in 
HABP ( with the sequence B A ) the /) at the end * of the B phase 
(4*98A) is higher than the D at the beginning ♦ of the A phases ( 4*90A ; 
table 5 ). 

The reason for this is not clear. It seems unlikely that the actual 
density would go up on going from H or B to C or A (measurements on 
other compounds^^ indeed indicate, as expected, the opposite). Thus the 
most likely explanations for a decrease in D when going from H or B to 
C or A appear to be : 

(a) The number of nearest neighbors decreases when going from H or B 
to C or A. This would allow a density drop at the transition to the 
higher temperature phase, even with a decrease in D. 

(b) The decrease is only apparent, not real, and is caused by the use of 
incorrect formulas. For Sb, the parameter calculated directly from the 
diameter of the outer ring is not Z), but the distance between the lattice 
planes which cause the outer diffraction maximum. D is subsequently 
calculated from under the assumption of a regular hexagonal packing 
of the molecules (figure 15). If this assumption would be incorrect, the 
D value would be in error, too. For Sa und Sc, D has been calculated 
with the formula^ 2D sin ^ = 1*117X, where B is one half of the diffraction 
angle and X is the wavclengh of the radiation. This formula is based 
upon a number of assumptions and approximations, and if any one of 
these would not be allowed, this would cause an error in the calculated 
value of D. 

A comparison between measured and calculated densities for a number 
of A, B, C, and H phases would seem to be an appropriate first step in 
an*attempt to solve this problem. Meanwhile, for lack of a better solu- 
tion, we shall keep using the current methods for calculating D. 



D 


6 ^ 

Figure 15 The relationship between D and do ( the interplanar spacing calculated 
from the position of the outer diffraction ring ) for Sb, assuming hexagonal 
arrangement of the molecular axes. The circles give the positions of the 
moleculai axes (which are perpendicular to the plane of the paper), the 
full lines represent the planes containing the molecular axes ( within the 
smectic layers), and the broken lines indicate the hexagonal arrangement. 


Going in the direction of increasing temperature. 
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Nematic and isotropic phases 

No and I phases : If we disregard for a moment the Nsc data, there is a 
very clear trend in figure 14: going from the left to the right, D increases 
fairly steadily when going from the smectics through the No phases and 
the I phases to the highest temperature 1 phase*. This increase is just 
what one would expect for going to higher temperatures and to decreasing 
alignment of neighboring molecules. 

N,c phases : N.c phases are nematic phases with smectic-like local order^. 
This dual nature appears to be confirmed by figure 14: the D values of 
the N,c phases encompass the complete range of D values of S and N 
phases combined. 

Comlusions from low D values 

Comparison with molecular dimensions : The lowest D values in figure 14 
arc 4*85 A, both for the B phase of EBAC and for the N,c phase of 
BOCP (table 5 ) j". It is instructive to compare this D value with some 
molecular dimensions. The most bulky part of the molecules in most 
liquid crystals (apart from cholesterol related compounds) is the benzene 
ring. Figure 16 shows the projections of two benzene rings standing with 

664 A 



Figure 16 Projection of two benzene rings, perpendicular to each other and in close 
contact, each standing with one of its C-H bonds perpendicular to the 
plane of the paper. 


• The EEB data ( Sa, N©, I ), connected in figure 14 by thin lines, form an excep- 
tion. Since the D values for this compound are consistently Iow>», the EEB data 
probably should also be considered "exceptional” and thus be excluded from 
consideration when establishing general trends. 

t It is interesting to note that in a recent paper** on the structure of hydrocarbon 
chains of lipids it is reported that in structures in which the hydrocarbon chains 
arc siifT and parallel, these chains, packed in a hexagonal lattice, also have an 
intcrmolccular distance of 4.85 A. This suggests that in liquid crystals the 4.85 A 
might represent the smallest intcrmolecular distance allowed by the hydrocarbon 
chains at the ends of the molecules. 
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one of their C-H bonds perpendicular to the plane of the paper ( in this 
orientation the molecules require the least amount of space in the plane 
of the paper). It is clear from figure 16 that the iiiinununi distance 
between the centers of two molecules that would allow rotation of one 
molecule without displacement of the other molecule is 5*12 A- This is 
much more than the experimentally determined average intermolccular 
distance Z) = 4*85A quoted above. This leads us to important conclusions 
with regard to the packing mode and the possibility of rotation of the 
molecule around its long axis. 

Suggested packing mode : An average mtcrmolecular D value of 4*85 A 
requires a much closer packing than represented in figure 16. The only 
satisfactory model appears to be the pseudo-hexagonal herringbone pack- 
ingi5 . 26 shown in figure 17. For ordered phases like Sb ii”d Sh we expect* 
the order indicated in figure 17 to be well maintained. For disordered 
phases like Sa ttod Nc we expect a much more disorded packing, but still 
with basically the same molecular arrangement. 

Restriction on rotation in smectic B: As pointed out above, a D of 4*85 A 
implies that rotation of a molecule requires considerable (wO*3A) dis- 
placements of the neighboring molecules. From figure 17 it is clear tliat 
in the herringbone packing not only full rotation but even appreciable 
oscillation around the long axis necessitates considerable displacement of 
neighbors. Such displacements cannot be ruled out in disordered phases 
like Sa and No,* but we submit that they can be ruled out for Sb- Tbe 
sharp profile of the outer diffraction ring of Sb (figure 5) is evidence of 
the existence of well defined lattice planes. Displacements of the magni- 
tude necessary for large oscillations in the herringbone packing would 
destroy these lattice planes, and hence arc not allowed. A “disorder” in 



Figure 17 Schematic representation of the pseudo-hexagonal herringbone packing, as 
seen along the long axes of the molecules. The lines indicate the orienta- 
tion of the molecular planes and the circles mark the positions of the 
molecular axes ; the circles form a hexagonal array. 


♦ For tilted or skewed phases, like Sh, Se^, Sc and N.e, we have argued 
clscwhere27 that appreciable oscillations are not likely to occur. Others 
also have recently argued against rotation in Sh and for these 

phases the question of displacement is not relevant. 
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Sb, in terms of part of the molecules (up to 50%) being rotated a full 
180'’ is quite possible,! however, and in our opinion even quite likely. 
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DISCUSSION 


Janik : Neutron diffraction studies with deuteraled PAA performed by 
Riste et al in Norway show two diffuse peaks in the nematic phase, similar 
to what you observe as two rings. They also give evidence of pre-transition 
effects below melting. The authors claim that there is a soft solid in a 
region of a few degrees below melting. 

de Vries: I have never observed pre-transition effects in the solid phase 
myself, but this might well be due to the fact that I have never paid any 
particular attention to the solid phase. As far as 1 remember from a 
presentation recently given by Dr. Pynn at a Liquid Crystal Institute 
Seminar about his neutron work ( in collaboration with Dr. Riste ), there 
appeared to be no conflicts between his results and mine. 

Gray : Have you ever observed both a cybotactic nematic and an ordinary 
or rf;lassical nematic phase in the same compound ? 

de Vries : No, but it would be very interesting if this were to be found. 

• 

Kaul : With the high degree of order in the smectic H phase that is 
shown by x-ray, what other studies were made to show that it is not just 
another crystalline phase rather than a liquid crystal phase ? 

de Vries: There are several points to indicate that. My colleagues in 
Kent who work with the Mossbauer effect, have investigated exactly the 
same smectic H phase that 1 have been studying. The spectra are very typical 
of the smectic phase and not at all like what they found in a solid phase. 
Secondly, microscopic textures are typical of smectic phases and not of 
solids. Thirdly, the transition temperatures involving a smectic H with the 
higher liquid crystal phase always he on nice smooth continuous curves 
whereas transition temperatures from solids to liquid crystal Jo not. 
Fourthly, these transitions show no supercooling, whereas most transitions 
involving solid phases show considerable supercooling. 
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Billard : Just a remark about the classification problem, which we can 
compare with classical crystallography. In crystallography we can have 
different structures with the same symmetry class. If we have similar 

strucurcs we have similar symmetry groups. I think that the isomorphism 

proves the similarity of structures and is a test of strong connection 
between two phases. Do you think that we can have two operational 
classifications ; 

1. the miscibility system, and 

2. the structural system? 

de Vries: I definitely think there is room for these two classification 

systems, and possibly even more different systems (c.g., one based on the 
optical properties ), each in its own right and with its own specific 

advantages and disadvantages. In addition to these independent classifi- 
cations one should also consider, in my opinion, an overall classification 
system containing the information of all methods that are useful for 
identifying difference between phases. This ‘overall classfiication ’ system, 
in my view, should incorporate the maximum differentiation between phases 
that IS practically useful, e.g., if we had, say, four different methods for 
d istinguishing phase types, and if for a phase X and a phase Y three of 
the methods would show no difference, but the fourth method would show 
a significant difference between X and Y, then, in my view, these two 
phases X and Y should be assigned different phase types. In order to 
avoid this system of fine differentiation becoming so complex that it would 
be of no practical use, it should also incorporate some ‘ broader ’ classifi- 
cation symbols, like, N, Ch, and S from table 1 and S ( a ), S ( ) and 
S ( y ) from table 2. 

Chandrasekhar: Did you find evidence for a strong temperature depend- 
ence of tilt angle in smectic C from your x-ray pictures? 

de Vries; You have smectic C phases which apparently have little or nc 
variation of tilt angle with temperature. One type of smectic C phase has 
a constant tilt angle. On the other hand, the smectic C phase of TBBA 
has a continuously varying tilt angle which even goes completely to zero. 

I would like to look at it from the point of what determines the way the 
molecules are packed. I think two different kinds of forces are acting in 
these two types of C phases, and I would like to distinguish between them 
on that basis. 

Bnlkin: The hexagonal spot array in smectic B and smectic D looked 
alike, yet you d.d not comment on the similarity here. Please explain. 

de Vries : The hexagonal array of diffraction maxima in S, is in the 
outer ring, and suggests the presence of a hexagonal { two-dimensional ) 
lattice within the smectic layer^ The (pseudo-) hexagonal array of diffrac- 
tion maxima in S|> is in the inner ring (the outer ring falls outside the 
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area reproduced in the figure), and suggests, according to Dielc ctal*, a 
cubic arrangement of spherical micelles, which would appear to effectively 
eliminate layered structure in the sense one conventionally associates 
with smectic phases. 

Jahnig: I do not understand your so-called ‘cybotactic* and ‘inter- 
mediate’ nematic phases. As regards the ‘cybotactic’ ncmatic you conclude 
from the absence of a strong temperature variation of your additional 
scattering pattern that this scattering pattern is not a pre-transilional 
effect. But this I th.nk is not convincing There arc examples in nature 
where pre-transitional effects do not show* a strong temperature variation. 
As regards the ‘intermediate' nematic I want to ask you whether this 
phase has anything to do with the intermediate state of a ncmatic-smcclic A 
phase transition introduced by deGennes on a well-defined basis. 

de Vries: Regarding your question on the pre-transition effect, I do not 
know about the experimental data you talked about. As far as x-ray 
experiments arc concerned there is a very strong diiect link between what 
you sec in the x-ray pattern and the molecular orientation that exists in 
the material. If the formation of cybotactic groups was a pre-transition 
effect, you would have at some temperature above the transition no cybo- 
tactic groups at all, but just the ordinary nematic phase. And then you 
will get small groups foimmg slowly. Then they start to expand, and 
expand so much that tlicx become smcctic-likc in behaviour. Thus, in a 
way the nematic-isoii opic pre-tiansition effects arc related to (he cybotactic 
groups If you look at this transistion, you have a slow diminishing of 
the cybotactic nature. But over 20'', which is quite considerable, the x-ray 
pattern shows that the groups do not increase in si/c, the number of 
groups docs not increase, the groups do not increase in their rigidity, they 
remain exactly the same. But then all of a sudden at the N-S tiansition 
point they go over from cybotactic to smectic. 


•Diclc S, Brand P and Sackmann H MoL Cryst. Liquid Cryst. 17 163 ( 1972 ) 




Pramd^a, Suppl, No. I, 1975, pp. 115-116 


Lipid-water systems : Structure and structural transitions 
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( France ) 

A remarkable properly of lipids is to unite in one phase a well ordered 
long range organization and different types of disordered short rang*e 
conformation 

Several phases, belonging to the lamellar class, have been studied by 
x-ray diffraction techniques 2, \ They have been shown to differ mainly 
by the conformation and the organization of the hydrocarbon chains, 
which may undergo cider- disorder transitions as a function of temperature 
and/or water concentration. Some aspects of these order-disorder transi- 
tion phenomena have been considered, in correlation with the chemical 
composition of the lipids^. 

Most of these phases present characteristic features when stud.cd by 
freeze-etching techniques. 

References 

1 Luzzati V ( 1968 ) Biological Membranes, ed. D. Chapman 1 71-123. Academic 
• Press, London and New York 

2 Luzzati V et al. ( 1972 ) Proceedings of the 8th FEBS Meeting, North Ifolland, 
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DISCUSSION 

Nityananda ; Is there any evidence from the x-ray patterns for the type 
of wavy lamellae you showed us? 

Tardieu : At low angles, the x-ray data are a series of reflections which 
can all be indexed in a two dimensional oblique lattice. The model pro- 
posed is in excellent agreement with the intensities of the reflections, the 
chemical and the electron microscopy data. 

Ambrose : I admired your electron micrographs. Could you tell me what 
method of fixation was used and whether the method can be used to study 
preparation of natural lipids from various cell components after removal 
of protein ? , 
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Tardieu : Freeze etching technique does not require any fixation procedure. 
Ji has been shown, by a comparative study of some lipid water systems by 
X ray and electron microscopy, that this technique was able to preserve 
the structures observed at a high temperature in lipid water systems. 

Gray : Have you done any experiments on the effects of incorporating 
known concentiations of specific hydrocarbons (e.g., n-decanc ) in the 
various lamellar phases you have described, to see whether this throws any 
further liglit on the organisation of the lipid alkyl chains? 

Also, is there any evidence whether high concentrations of added 
hydrocarbon can convert lamellar phases into, say, reversed hexagonal 
phases ? 

Tardieu : Dp to approximately 10%, hydrocarbons are easily incorporated 
in phospholipids. In lamellar phases, they arc mainly localized in the 
middle of the hydrocarbon leaflet. In phases with liquid hydrocarbon 
chains, the properties of the phases are to a large extent insensitive to 
the addition of further hydrocarbon. 

But addition of dccanc to synthetic lecithins which normally form a 
Ip* phase (with tilled chains) induces the formation of a Lp phase 
(chains perpendicular to the lamellae), 

Bulkin : Have you studied mixtures containing two pure phospholipids, 
e.g., lecithin and phosphotidylserine ? 

Tardieu : No. 

Schnur : Have you studied the dynamic properties of the intraconversion 
of the various alkyl conformations ? 

Tardieu : The data presented here were obtained with systems in equili- 
brium. Systematic studies of the kinetic aspects of these transitions are 
just beginning, and for the moment we have just some preliminary results. 
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Abstract. The paper reports the discovery of mesomorphism induced 
by pressure in materials that do not exhibit the liquid crystalline 
phase at atmospheric pressure. This observation veiities a prediction 
of the theory of melting of molecular crystals. 

Experiments were conducted on the first two members of the /> n- 
alkoxybenzoic acid senes These two compounds, the methoxy- and 
elhoxybenzoic acids, do not form liquid crystals al atmospheric pres- 
sure whereas the third and higher homologues do However, as the 
pressure is raised both compounds exhibit mesophases, initially a 
nematic phase and then, at higher picssures, a smectic phase as well. 
Experimental phase diagrams arc presented which establish foi the 
first lime the existence of the solid-nematic isotropic and solid- 
smectic-nematic triple point*: in single component systems. 


Introduction 

Ufider what circumstances can the solid-liqu id crystal -isotropic liquid triple 
point be observed experimentally? A study of the phase diagrams given 
l>y the theory of melting of molecular crystals discussed by Chandrasekhar 
et al.^ provides an answer to this question. Two representative P~T dia- 
grams evaluated from the theory are shown in figure 1. In figure 1(a) 
the orientational barrier of the molecule is large enough for the nematic 
phase to occur at zero pressure. As the pressure increases, both the solid- 
nematic and the nematic-isotropic transition temperatures increase, the 
slope dTjdP for the latter being greater in accordance with the experimental 
data available for p-azoxyanisole (PAA)^ '^ and p-azoxyphenetole ( PAP )^. 
Figure 1(b) represents a more interesting case. Here the barrier is just 
below the critical value for the nematic phase to occur at zero pressure, 
As the pressure increases there is initially only a single transition, namely, 
the solid-liquid melting transition, but at higher pressures branching takes 
place and there are two transitions, the solid-ncmatic and the nematic- 
isotropic. Thus the theory makes the important prediction that the liquid 
crystalline phase can be induced by pressure in materials that are non- 
mesomorphic at atmospheric pressure, and also that at a certain pressure 
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Figure 1 Theoretical phase diagrams evaluated for two values of v, where v is a 
measure of the relative barriers for the rotation of a molecule and for 
its diffusion to an interstitial site, ( a ) v =1.35 ( b ) v = 1.28. 


and temperature there should exist a solid-liquid crystal-isotropic liquid 
triple point. Experiments were undertaken to verify these conclusions. 

After surveying various possible materials, it was decided to choose for 
these studies the first two members of the /?-w-alkoxybenzoic acid series. 
These two members, methoxy- and ethoxybenzoic acids, do not show any 
mesomorphism whereas propoxybenzoic acid and the higher homologues 
exhibit at least one liquid crystalline phase^. Moreover, a mixture of the 
first two members shows a nematic phase, indicating that mesomorphism 
may be latent in each of them. It therefore appeared that the chances of 
observing liquid crystallinity in either of these two compounds at pressures 
easily attainable in the laboratory might be quite favourable. 

Experimental 

A 100-ton single acting hydraulic press (figure 2) was employed for the 
experiments. A schematic diagram of the press is shown in figure 3. The 
press has a 4' diameter movable ram which can be worked upwards by a 
hydraulic pump. The high pressure cell, containing the encapsulated 
sample, the pressure transmitting medium and the heater, is held inside a 
binding ring (B) to prevent extrusion. A cooling jacket (J) used in 
series with a heat exchanger serves to prevent the pistons from getting 
overheated. A stainless-steel piston ( SP ) presses the cell from above. 
This piston has a central bore for taking out the thermocouple leads. As 
the movable ram is raised, the entire assembly moves up and presses 
against a stationary plate fixed to the body of the press. The amount of 
fluid that is pumped was accurately controlled by a manual pump so that 
the pressure could be built up very gradually. 
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Figure 2 Photograph of the 100 ton press used for the experiments. 


Stationary plate 


SJ^_ 


tell 


Movable Ram 


-Lower end 
load plate 


Figure 3 Schematic diagram of the press. 


Since the ncmatic-i so tropic transition is usually weakly first order, it 
was necessary to select a probe of high sensitivity. The obvious choice 
w'as DTA in which the d.ffcrence between the reference and sample tem- 
peratures is plotted versus the sample temperature. Ideally the curve 
should be a horizontal line except when a transition occurs. However, in 
the present experiments, because of limitations of space - the pressure cell 
was only 1* in diameter and contained the encapsulated sample, the heating 
element and the pressure transmitting medium ~ and also because of -the 
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poor thermal conductivity of the sample holder and the natural tempera- 
ture gradient set up by the graphite heater, a major problem that was 
encountered initially was the ‘drift’, which resulted in a base line that 
was very steeply inclined. To offset this the recorder pen had to be 
brought back to zero whenever it reached full scale, which was not a 
satisfactory procedure as there was every possibility of missing a sharp 
transition. The problem was overcome finally by experimentation with the 
design of the cell which required precise machining of its components and 
critical positioning of the sample and reference junctions of the thermo- 
couple. A suitable geometry of the cell was arrived at which minimised 
this drift. 

The sample was contained in a capsule made of glass filled teflon 
* (supplied by Fluoro Carbon Industries, USA) which was scaled using a 
teflon plug. The advantages of using teflon are that it does not react with 
any of the compounds and that it flows under pressure thereby providing 
an airtight seal. The pressure transmitting medium was talc which 
surrounded the sample capsule on all sides. A thin graphite sleeve was 
used as the healer. A high current, low voltage source supplied power to 
the healer. By varying the current at a controlled rate any desired rate of 
heating could be achieved, Chromel-alumel thermocouples were used for 
temperature measurements. The correction due to pressure for these 
thermocouples is extremely small in the pressure range studied and was 
neglected. The temperature difference ( A^) lo a Keithley nanovolt 

amplifier and the output of the amplifier to the Y-axis of a Moseley X-Y 
recorder. The sample temperature was fed to the X-axis. An amplification 
of 1000 was used for for all experiments. This amplification was enough 
to drive a 10 yuV signal to full scale of the recorder. The linearity of the 
amplifier under experimental conditions was checked beforehand. In series 
With the differential ( A^) was a zero-suppression unit which could 
suppress upto 40 mV of the thermocouple signal with a resolution of 1 /uV. 
The line pressures were measured by a calibrated transducer ( Type G 1-366 
of Groseby Instruments, Surrey, Lngland ) reading to an accuracy of 1%. 
In order to evaluate the true pressure as seen by the sample, a small 
correction has to be applied. By measuring the resistance variation with 
pressure of a standard manganin gauge® immersed in silicone oil in the 
sample capsule, the true pressures were calibrated against the line pressures. 
The correction was found to be less than 2% over the entire range of 
pressures investigated. 


Results and discussion 

p-Azoxyanisole ( PAA ) : To test the experimental set up, we first conduc- 
ted experiments on PAA for which some data are available^-?^ por each 
pressure, DTA runs were recorded for at least two heating rates and the 
average of the transition temperatures taken. All the transition tempera- 
tures were recorded during heating as there was always some supercooling 
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Figure 4 Experimental variation of the transition tcmpcraiures with pressure for 
p-azoxyanisole 

Table 1. dJ/dP for PA A in "/kbar 
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during the cooling part of the cycle. The results obtained for different 
pressures for PAA are plotted in figure 4. The slopes dTjdP evaluated for 
the solid-nematic and nematic-isotropic transitions are 32°/kbar and 
47°/kbar respectively. Table 1 gives a comparison of these values with 
the other experimental data available for PAA. We see that our slopes 
agree very well with those of Hulett^, Robberecht* and McColl and Shih®. 




122 


S Chandrasekhar et al 


The values of Deloche e/ al.^ are rather different, probably because, as the 
authors themselves point out, helium gas which served as the pressure 
transmitting medium contaminated the sample. 

p~Azoxyphenetole ( PAP ) : Experiments were done for PAP up to a 
pressure of 590 bars. Figure 5 shows the phase diagram. The slopes of 
the solid-ncmatic and nematic-isotropic transitions are 367^bar and 
46V*^bar. They agree well with the only other available set of data on 
PAP, viz., 3771<bar and 47*67kbar obtained by Hulett^. Thus having 
tested the reliability of the experimental set up, studies on methoxy- and 
cthoxybenzoic acids were undertaken. 

p~Methoxybenzoic acid: Figure 6 shows the DTA runs taken for 
mcthoxybenzoic acid at four different pressures (only the portions of the 
DTA rccoids near the peaks arc shown). The first record was taken at a 
pressure of 1 bar, i.c., at atmospheric pressure. There is a single transi- 
tion, the peak giving the solid-liquid transition temperature. In the next 
record, taken al 12 bars we see another small kink just separated from the 
main peak. This m fact shows that there are now two first order transi- 
tions separated on the temperature axis by about 1°. This new pressure 
induced phase has been identified (as will be described later) as the 
nematic phase. In the third record obtained at 24 bars, the separation 
between the two transitions has increased to '^2*27 At 61 bars, they are 
nearly 5'" apart. When the pressure is increased even further, an interesting 



Figure 5 Experimental variation of the transition temperatures with pressure for 
p-azoxyphenetolc. 
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Figure 6 DTA records taken for methoxybcnzoic acid at difTcrcnt pressures. 

situation develops as can be seen in figure 7, which gives the DTA run at 
145 bars. Here the nematic-isotropic transition is nearly 12" away from 
the first transition, but in addition, there is evidence that the first transi- 
tion itself has started to split. There arc now two distinct peaks separa- 
ted by about 1-5". As wc shall sec later, this new phase has been 
identified as the smectic phase. The complete data obtained for methoxy- 
benzoic acid arc plotted in figure 8. Measurements were made up to a 
pressure of 252 bars at which the nematic-isotropic transition is 21° away 
from the solid-smectic transition. The limitation of the experiment was 
set primarily by the temperature rather than by pressure. Teflon which 
w^s used to encapsulate the sample starts softening around 260° C and it 
was not safe to go to much higher temperatures. It shows clearly the 
solid— nematic— isotropic triple point at ~ 6 bars and 457*4 K and the 
solid-smectic-nematic triple point at ^96 bars and 458*4 K. 

It should be emphasized that 

( i ) Each experimental point marked in the diagrams is the average 
of at least 2 runs taken at 2 different heating rates (the rates 
were between 0*5 to 2*5°/min.) 

(ii) After completing the set of measurements with increasing pressure, 
the pressure was brought back to atmospheric pressure when a 
smgle transition was again observed. This transition temperature 
was the same as that obtained at the beginning of the experiment 
proving that the sample was completely free from any contamina- 
tion. 
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p-Ethoxybenzoic acid : The phase diagram for ethoxybenzoic acid is 
given in figure 9. The behaviour is similar to that of methoxybenzoic 
acid. There is a single transition till 3 bars. At 8 bars the nematic phase 
has just appeared. At 96 bars the smectic phase also starts appearing. 
The maximum pressure that we could go to was 233 bars because of the 
temperature limitation mentioned earlier. Here again we have the two 
triple points at ^ 5 bars and 467-2 K and 87 bars 468-5 K respectively. 
As before, it was verified that the sample was completely free from conta- 
mination by noting the reproducibility of the temperature of the single 
transition at atmospheric pressure before and after the experiment. 



Figure 7 DTA run taken for methoxy- 
benzoic acid at a pressure of 14S bars. 


SAMPLE temperature (‘K) 
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Figure 8 Experimental phase diagram for mcihoxybenzoic acid showing the solid- 
nematic-isotropic and solid-smectic-nematic triple points at ^6 bars and 
457.4 K and -^94 bars and 458.4 K respectively. 



Figure 9 Experimental phase diagram for ethoxybenzoic acid showing the solid- 
nematic-isotropic and solid-smectic-nematic triple points at ^5 bars and 
467.2 K and .^87 bars and 468.5 K respectively. ^ 
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Identification of the phases 

To identify the pressure induced phases an optical cell was constructed. 
A schematic diagram of the cell is given in figure 10. 

The apparatus consists of a stainless steel stationary base plate (SP) 
in which is fitted a fused silica anvil (A). A thin stainless steel ring 
( R ) is shrunk fitted to this anvil by heating both of them to 400°C. The 
inner diameter of this ring is slightly greater at the lop to enable the 
other anvil, also made of fused silica and fixed to a top plate (TP), to 
just rotate inside the ring. The two anvils can be pressed against each 
other by screwing the top plate. The sample ( 100 m thick ) is contained 

between the anvils in a hole in a teflon spacer as shown in figure 10. 
The teflon spacer requires very accurate machining on both sides so as to 
match the anvils perfectly. Only then was it possible to contain the sample 
without leaks. The lop and bottom plates are provided with windows 
for optical observations. The entire assembly is inside a heater and the 
temperature of the sample is probed by a chromel-alumel thermocouple. 
All observations were made in transmitted light using a Leitz polarizing 
microscope equipped with a camera. The pressure developed was very 
roughly estimated using the known values of dJ/dP for PAA. 

At lower pressures ethoxybcnzoic acid shows a single intermediate phase 
which exhibits the typical schlicren texture of a nematic liquid crystal 

U Microscope 



Light 


Figure 10 Schematic diagram of the optical cell. 
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(figure II ). At higher pressures, it was found that on cooling the isotropic 
liquid a nematic phase (with a schlieren texture) appeared first, which 
then transformed at a lower temperature to another phase showing the 
focal conic texture and batonnets (figure 12) characteristic of a smectic. 
On further cooling it went over to the solid phase making the field of view 
completely opaque. The pressure induced phases of methoxybcn/oic acid 
also exhibit similar textures. Figure 13 shows batonnets formed by the 
smectic phase of this compound. Thus the pressure induced phases in both 
methoxy- and ethoxybenzoic acids have been identified as the nematic and 
smectic phases. 


Conclusions 

Methoxy- and ethoxybenzoic acids, which arc non-mcsomorphic at atmos- 
pheric pressure, have been found to exhibit nematic and smectic phases at 
higher pressures. The transitions were detected by DTA and the phases 
were identified by optical microscopy. The phenomenon of pressure induced 
mesomorphism and the occurrence of solid-nematic-isotropic and solid- 
smectic-ncmatic triple points in single component systems have been 
established experimentally for the first lime. 
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DISCUSSION 

Schnor : Have you checked for PAA, for which all the numbers arc 
known, whether the P-T diagram is in accordance with the Clausius- 
Clapeyron equation ? 
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Shashidhar; Several measurements of are available, but the most 

detailed and systematic studies appear to be those of Arnold*. Using his 
values of and the A values of Maier and Saupe f, we get 

dr/ dP for the solid-nematic and nematic-isotropic transitions to be 32*1 
and 47*87kbar respectively. The experimental values are 32 and 47°/kbar, 
confirming that the Clausius-Clapeyron equation is obeyed. 

Schnur; Have you checked if the smectic-nematic transition also fits the 
Clausius -Clapcyron equation ? 

Shashidhar : As wc have no idea of the volume change and heat of tran- 
sition for the smect ic-ncmatic transition, it is not possible to check this. 

Bulkin : Arc you sure that you have ruled out solid-solid phase transitions ? 

Shashidhar : We arc quite sure that what wc have observed is not a 
solid-solid transition. Usually a solid-solid transition has a lower heat of 
transition than the melting transition, but we sec from our DTA runs that 
the opposite is the case — the second transition is much weaker than the 
first one, a feature which is characteristic of mesophase transitions in 
general. But a more direct proof comes from an examination of these 
phases in a high pressure optical cell. The intermediate phases exhibit 
textures characteristic of liquid crystals. I have shown photographs of 
some of these textures. 


Boccara: 1. Do you know the value of the discontinuities of the specific 
volume near the triple points? 


2. What are the 
lines at the triple points? 

values of the slopes of the 

various transition 

Shashidhar: 1. No, we have not carried out any measurements of the 
peclfic volume. 

2. The values of the slopes (dir/d/*)at 
re as follows : 

the triple points 


Methoxybenzoic 

acid 

Ethoxybenzoic 

acid 

Solid-smectic 

107kbar 

I77kbar 

Smectic-nematic 

457kbar 

I097kbar 

Nematic-isotropic 

947kbar 

1267kbar 


'Arnold H 2. Phys. Chem. (DDR) 226 146 ( 1964) 

\ Mfiier W and Saupe A Z. Naiurforsch. 15a 287 ( 1960) 
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Dave : Have any calculations been made by extrapolation as to where the 
nematic phase should appear for pure methoxy- and ethoxy -benzoic acids 
at atmospheric pressure ? 

Shashidhar : We have not made any such calculations. 

Schnur : Have you observed the monotropic solid 11 phase in PAA on 
cooling in your pressure experiment? 

Shashidhar: No, wc have not. In fact all the DTA runs were taken on 
heating only as cooling invariably resulted in supercooling of the nematic 
phase. 

Rustichelli : You said you changed the pressure. Did the value of the* 
temperature also change ? 

Shashidhar: The experiment was done in the following way : The pressure 
was kept constant and the DTA run was taken by changing only the 
temperature. This gave the transition temperatures for that picssuie. Tlie 
procedure was repeated for different pressures. 

Rustichelli : Is it possible to fix the temperature and increase the pressure? 

It will be nice to see if the effect can be observed this way. 

Shashidhar : It is possible, but there are some experimental difhculties 
which have to be overcome to do this. 
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Abstract. With simplifying hypotheses, sufficient for many practical 
cases, It is possible to calculate the phase diagrams of mixtures of* 
thermotropic liquid crystals. The determination, for each pure compo- 
nent, of the nature of each one of its phases, of the temperatures and 
of the enthalpy changes of its transitions allows the calculation of 
phase diagrams for mixtures of compounds with the same liquid 
crystalline phases. 

If two components do not exhibit the same liquid crystalline phases, 
virtual transitions for these compounds are considered. (A virtual 
transition regards two unstable phases of one compound. ) If the two 
phases can be stable in other conditions, the temperature and the 
enthalpy change of the virtual transition arc calculated from the 
characteristics of real transitions. 

The temperatures of equilibrium of three phases in binary systems can 
be determined by the intersection of two curves, each one of these 
depending only on the characteristics of the transitions (real or virtual) 
of one of pure component. Conversely with the temperatures of the 
three-phase points and the characteristics of real transitions of one 
pure compound we can calculate the temperature and the enthalpy 
change of a virtual transition even if one of the two phases is never 
stable in the pure compound. 

Miscellaneous types of binary phase diagrams of two components with 
different stable liquid crystalline phases are treated. Practical rules arc 
given. Some virtual transitions of p~alkyl -p' -alkoxytolans are deter- 
mined. If we can observe a monotropic transition in a pure compound, 
its coinciding with the virtual transition with or without liquid 
crystallinity is verified by some experiments. 


1. Introduction 

Mixtures of mesomorphous compounds are utilized in a number of 
practical applications. Particularly, stable mesophases at low temperatures 
can be obtained by eutectic depressions^. Therefore, it is useful to be 
able to foresee the range of temperature for the existence of the mesophases 
versus then' composition, that is to say, to be able to calculate the isobaric 
phase diagram of mixtures from the characteristics of the pure components. 


• Most of these results arc given in greater detail in M. Demon’s dissertation*^. 
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diagrams can be used to identify the mesophases, and their calculation 
guide experimental study^. 

For non-mcsomorphogenic compounds virtual existence ranges can be 
ncd®. They allow the comparison of all members of a homologous 
mical senes, even of those which have no mesophase. Mixtures of 
le non-mcsomorphogenic compounds present stable mesophases 
.tures exhibit mesophases which do not exist in pure components {e.g., 
lures of p,p' propyl azoxydibenzoate and azoxyphenetoH^ ). Knowledge 
the virtual transitions is often sufficient to determine such mixtures. 


Hypotheses and general relations 

h simplifying hypotheses, isobaric phase diagrams of the mixtures of 
number of components which all have the same mesophase (or the 
c mesophases ) can be calculated from the thermodynamic data of the 
: components. The hypotheses arc^ 

1. No chemical reaction between the components; 

2. Immiscible or totally miscible solid phases ; 

3. The solid, liquid and mesomorphous solutions are perfect ; 

4. The differences of specific heats at cnostant pressure of two 
phases in equilibrium are negligible. 


With these hypotheses the molar fraction Xk of a pure component 
n the solid state in a solution is given by a relation due to 
Chatelier*^, Schroder^^ and van Laar*^. 


\ 


Xk “ exp ( Xk ) 


Xk 


fJL 

R V 



re R is the gas constant. This solubility ^-k only depends on the 
peraturc T, the molar enthalpy a HI and on the temperature of 
ting of the pure component k. So the solubility curve of a component k 
i depends on the characteristics of the pure component k. If a component 
icnts crystalline polymorphism its solubility also depends on the chaarc- 
sties ri, AWi; tI AWk; ... TL ahE: ... Tl, awe of its 
ital- crystal transitions. At a temperature T situated between r**k’ and 
its solubility ATk is such that 

AEk “ exp ( Xk ) 


n 



l=p 


lus, is a continuous monotonically growing function of r>0 situated between 
apd exp (A//f /-RT'f >1, It presents an inflexion point for Trs A/f { / 2J?. 
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From this solubility curve we can deduce the temperature and the enthalpy 
of decomposition of an intermediary compound, the melting of which is 
not congruent. 

The nomograms give the solubility at a given temperature (figure 1 ) 
or the temperature where the solubility has a given value (figure 2) versus 
the enthalpy and the temperature of melting. These nomograms can be 
used for the components having a crystalline polymorphism with, 

for < T < n. 


and 


n 

A //*k - ^ A //• 




^ Hi 


n 



With the same simplifying hypothesis, the molar fractions of the 
components k in two binary solutions a and ^ in equilibrium are given 
by relations of van Laar*^ : 


I - exp ( ) 


exp 


X»P - 


exp 


^ ap 

^1 


and exp ( ) 


with X“P 


A// ,“P / I IN 

“ tJ 


These relations contain the enthalpies and the tempera! uaes for the 
traiisitions from the state a to the slate of the pure components A: and 1. 


3*. Isobaric phase diagrams of binary mixtures of components which 
have the same mesophases 

The enthalpic analysis of the pure components give then sufficient data 
to calculate the isobaric diagrams of the binary mixtures of components 
which have the same mesophases. The values obtained this way arc 
Sufficiently near the observed values for many practical cases ^*>***9. 
Depending on the values of the enthalpies and of the temperatures of 
transition, the spindle of the equilibrium curves of two perfect solutions 
(which is always entirely situated between the two transition temperatures ) 
can present different forms (figure 3 ) The two curves can have the 
same concavity, (a) and ( c ), or different concavities, (b), or one of the 
two curves can have an inflexion point, ( d ), (e) and (f). If the two 
components have the same temperatures of transition the spindle is just a 
horizontal straight line. This is the case, particularly, for the enantiomeric 
compounds 21,22 
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Figure 1 Nomogram representing, at a given temperature T, the solubility A' of a 
pure compound in a perfect solution versus its melting enthalpy A//* and 
its melting temperature T^. 



Figure 2 Nomogram representing the temperature T for which a pure compound has 
a given solubility Af in a perfect solution versus the melting enthalpy A//* 
and the melting temperature T*. 

4. Isobaric phase diagrams for binary mixtures of components which do 
not form continuous mesomorphic solutions 

( a ) Virtual transitions 

Often the two components of a mixture do not have the same mesophases 
( an example is to be found in Ref. 23 ). The extrapolation of the equi- 
librium spindle of the two solutions gives a transition temperature for the 
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Figure 3 Tlie six possible forms of the spindles of equilibrium of two perfect solutions 
from J. J, van Laar.t’ 


component without mesophase which is situated below its melting points. 
This transition is then a virtual transition^*. For the mixtures of a 
mesomorphogenic component and a non-mesomorphogenic component several 
c^ses are possible (figure 4), In the first case (figure 4, on the top) the 
phase diagram is /rj^pomesomorphogenic and in the second case (figure 4, 
on the bottom ) it is /r>»permesomorphogenic. Another possible aspect of 
hypermesomorphogenic phase diagram is given by figure 5. 

The hypermesomorphogenic phase diagrams have a curve of solubility 
of the non-mesomorphogenic component in the mesomorphous solution M : 
the arc he'. The extrapolation of this curve gives a temperature 7^*^ for 
the crystal-mesophase transition of the non-mcsoniorphogenic component. 
This temperature is higher than the melting point of the B component. 
This crystal-mesophase transition is then also virtual. 

In Ac hypomesomorphogcnic phase diagrams ( figure 4, on the top ) 
there is solubility curve f g of the mesomorphogenic component A in the 
liquid solution L. For the component A, the extrapolation of this curve 
gives a crystal-liquid transition temperature situated in the range of 



13i 


M Domon and J BiJIard 



Figure 4 Isobaric phase diagrams of the mixtures of a mesomorphogenic component 
with a non-mesomorphogcnic component. 

Top : hypomcsomorphogcnic phase diagram; 

Bottom’, hypermesomorphogcnic phase diagram. 

stability of its mesomorphic phase M. Then this transition of A is also 
virtual. 

To sum up, a component without a stable mesophase has a real 
melting point (figure 6) and two virtual transition temperatures : 

( ) for the virtual crystal-mesophase transition and ( ) for the 
Virtual mesophase-liquid transition. A component which hai a stable 
mesophase has, first, two real transitions : crystal-mesophase at the tem- 
perature and mesophase-liquid at the temperature, and secondly, 
a virtual crystal-liquid transition at temperature 
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Figure 5 Other isobaric hypermcsomorphogcnic phase diagram of the mixtures of 
mesomorphogcnic component with a non-mcsomorphogcnic compound. 


Tf 



Non motomor^hoMniC 
compound 



Figarc 6 Ordcri of succession of the transition temperatures. 
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The order of succession of these temperatures can be understood in 
another way. The variations of the free molar enthalpy G versus the tempe- 
rature T can be schematically written as it is indicated in figure 7. For a 
component which has a stable mesophase M (figure 7a) the extrapolations 
of the curves, which are relative to the crystalline (C) and liquid (L) 
phases, cross at the virtual transition temperature {T°^) which is situated 
between the real transition temperatures and 7“^. For non- 

mcsomorphogcnic component (figure 7b) the free enthalpy of a meso- 
morphic phase ( M ) would be greater than those of the stable phases 
( C ) and ( L ). And ( j “'^ ) is really less than and ( T°“ ), and ( ) 

really greater than This interpretation of the virtual transitions 

explains that they coincide with the monotropic transitions when these 
ones can be observed ( see section 5 ). 

With still the same hypothesis (section 2 ) we see for the enthalpies 
of these transitions : 

A 7/°^' - A //"“ + A//“^ 

The calculation of the entropy along the cycle m b p n (figure 4a) 
gives : 


A - A A 

hence 


J'OL 


TCM j 

7-ML r , 


A //““ r*”- + A //"■- 7°“ J 

A ;/oM( 7-oM ) 1 

A // f'‘^ + A « 



FIgore 7 Schematic variations of the free molar enthalpy G versus the temperature T 
for a compound having a stable mesophase A/ ( a ) and for a compound 
without stable mesophase (b). 



Prediction of phase diagrams 


139 


In the case of a mesomorphogenic component 
A /f®** >0 and A > 0 

it gives 

{ A > 0 

but 

so that 

In the case of a component without stable mcsophase the values 
A and only arc directly measurable. On the experimental phase 
diagrams the solubility curves in the liquid and mesomorphic solutions arc 
practically confused A straight line can often take the place of these two* 
curves, particularly if ( A // ”*' ) ^ A ^ it gives also 

( AH^^) > 0. 

For a phase diagram of the mixtures of tins component with another 
component which has a stable mcsophase M, the hypothesis ( A //***' ) < 0 
involves the impossibility for the equilibrium spindle of the M and the 
liquid solutions to be found between the clarification points of the two 
components. This is topologically impossible ; also 

( A > 0. 

From the relation which exists between the transition temperatures and 
the inequality 

( JML) < ( J 

it Can be affirmed 

( r^L) < rcL < ( rcM) 

for a non-mesomorphogenic compound. In this case, there are two 
independent relations between the six characteristics of the three tran- 
sitions. Supplementary data are then necessary to completely determine 
the four quantities which characterize the two virtual transitions. 

(b) Calculation of the phase diagrams 

If the temperatures and the enthalpies of all the transitions are known 
the curves which constitute a binary phase diagram can be calculated and 
thus their points of intersection determine the three-phase points. A 
remark simplifies these calculations. We shall first consider the particular 
case of figure 4b. At the point e' the solubility of the component B in 
solid state in the mcsophase M is 


« exp ( ) 
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It is equal to the concentration of B in M in equilibrium with the liquid 
phase L : 

^ M _ i - exp 
® exp - exp <|Ml- 

Following 

exp r: j T £’‘P Qb” " eXp 

1 - exp ^CM - J _ g^p ^CM 

The second member of this last equation only depends on the characteris- 
tics of the pure component B. We call it the relative solubility (T) 

ol B. The coordinates of the point e' arc then g.ven by the intersection 
of the solubility curve of A (which only depends on pure A) with the 
relative solubility curve of B in the M and L solutions (which only 
depends on pure B ), 

Most generally the ratio of the complements to one 

of the solubilities of component 1 in the pure state a in the perfect 
solutions y and It is also the ratio of the solubilities of other 

compounds than I in the perfect solutions y and in equilibrium with 
pure 1 in the stale a. We have 

xjrapT „ (figures). 

This function of the temperature is zero for T - For r = 0 

^ -- 1 and when F 00 it has a limiting value situated between 1 and 
A //f ^ 

A jonr”- ^ discontinuity for T == 

If and if the roots of 4^ = exp A f^exist, they 

arc two in number and are situated between and If is 

smaller than and than there is always one solution and only one 

situated between and F®^, If Ff^ is smaller than Ff^and 

there arc one or three solutions situated between F^^ and F^^ 

The intersection of two spindles can be determined just as easily. Let 
us take the example of two components 1 and J which have a continuous 
solution Ml either solid or mesomorphic and which have the same meso- 
phase M2 (figurd’9). The spindles constituted by the curves of equi- 
librium of the perfect solutions Mi -M2 and M2 -M3 cross for certain 
values of the pure components transitions characteristics. The perfect 
solution M2 is not continuous in this case; there is no full miscibility 
for the components I and J in the state M2. At an intersection point 
of two spindles 
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= 


exp 


1 - exp 

exp /lj’2-cxp"Ij''- 


for the spindle Mi - M 2 


and x\ = 


1 - exp 

exp Ap - exp Aj"' 


for the spindle M 2 - M^ . 


The equality of these two molar fractions can be sjiiplv written : 

\jrl23 _ 

The results are analogous for every three-phase points wh ch are c(Misti- 
tuted by the equilibrium of three perfeci soluai>ns particularly if there i: 
an intermediate mesomorphic solution which none of the components ha- 
( for example figure 3 of Ref. 25 ). 


There arc two physically significant roots of and are situated 

between and if < rf ^ and < T 




Figure 8 Solubility curves of a pure compound / being in « modification, in perfect 
solutions the modifications of which arc p and Y . , 
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Figure 9 I*»obaric phase diagrams of the mixtures of two compounds which have the 
same mesophase Mj but not as a continuous solution. 


If > T®"*' > and , the 

equation has solutions only if 


A 


A 


When there arc any solutions, they are two 


A//f^ A Bp 

in number and are situated between and . If < 7’“**’- 

and rfP > there is at least one solution. 


T’Pr 


A binary eutectic point is such that^^ : 

Xi + Xj - 1 or exp Aj + exp Aj = 1 . 

To sum up, all the three phases points of the binary phase diagrams 
can be determined by the intersections of solubility curves and of relative 
solubility curves (they only depend on pure components). 


( c ) Determination of the virtual transitions from the isobaric binary phase 
diagrams 

For a pure compound without the M 2 phase but which has the Mi and 
Mj phases, the temperatures and the enthalpies of the virtual transitions 
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(Ml M2) {M2 M2) can be determined from three-phase points of a 

binary diagram for mixtures of this compound, where there are first the 

Ml and M2 phases and, secondly, M2 and M3 phases [ for example 
the temperatures T 4 and of figure 10 permit one to determine the 

transitions ( CN ) and ( NL ) of B ]. In fact at the eutectiC tempe- 
ratures T 4 , 

exp ( 7’4 ) + exp 1 

But [ section 4( a ) ] 

exp aS*- ( T) ■= exp ( D exp ( T) 

Then, first, exp ( 7’4 ) ; and secondly : 

M, _ ( 7’4 ) _ 

exp Ab ( r4 ) = , _ ^ • 

At the temperature Ts [ section 4(b)) 

exp AMf- ( Ts ) - t n ) ; 



Figure 10 Hypomesomorphogenic phase diagram with two disjoined nematic domains 
calculated for : 

yCN « 91® C, = 5.40 kcal molc*"^ ; 

_ J J30(^ _ Q 40 lyiolC*"* 

7 'CL ^ 79° C, A-ff = 9.9 kcal mole“* ; 

( = 65®C and (A/f?^) = 2.4 kcal mole-* 
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then 


exp ( T, ) 


ex p ( Ts ) exp Ag*- ( T, ) 

exp ( r, ) + exp Af *■ ( Tj ) - 1 


The knowledge of two values of exp allows one to calculate ( 

and (Tb*"), and hence and (T™). The characteristics so 

obtained can be used to predict other phase diagrams. 


( d ) Miscellaneous types of phase diagrams 

The discussion of miscellaneous possible cases allows one to understand 
some already known types of phase diagrams ; it also permits to foresee 
some types of phase diagrams which do not seem to have been so far 
observed. The case of the last figure (figure 10) is an example. Figure 11 
gives another example. To calculate the phase diagrams for the mixtures of 
components, which do not have the same mesophascs it is necessary to know 
first, the real transitions characteristics and secondly the useful virtual 
transitions characteristics. For example in the case of figure 12 it is 
necessary to know the virtual tsansitions (C-L) for A and B, (C-M|) 
and (Ml -L) for B and ( Mi - L ) for A. In certain cases the mixture 
of two non-mcsomorphogcnic components can give a mesophase. This effect 
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Figure 12 Isobaric phase diagrams of two mesomorphogcnic componeiiis with dilTcrent 
mesophases where there is no equilibrium between these mesophascs. (a) The 
* phase diagram is twice hypomesomorphogenic. (b) The phase diagram is 

once hypermesomorphogenic and once hypomesomorphogenic. 

• 

can be calculated. Indeed if the pure components have virtual temperatures 
for the crystal-mcsophase M transitions not too different of their melting 
points, the equilibrium spindle between M and the liquid phase can be 
situated above the eutectic point. 

The binary phase diagrams must satisfy certain topological rules. 
For example, if Mi is a phase which has its temperature range always 
under that of the M2 phase in pure compounds, Mi is always under the 
curves which separate it from M2 in the binary phase diagrams. Another 
example: for the mixtures of a component having a stable mesophasc M 
and a non-mcsoinorphogenic component their phase diagrams are hyper- 
mesomorphogenic if these two components are not miscible in the solid 
state and if the temperature of the virtual M-liquid transition is higher 
than that of the real M-liquid transition. 
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5. Experimental tests 

( a ) Coincidences between virtual and monotropic transitions 

A first test can be deduced from the available data. Cholesteryl myristate 
has a smectic phase and a cholesteric phase ; the characteristics of its 
real transitions are knov/n^'^. Cholesteryl stearate is not mesombrphogenic 
but has, by cooling, two monotropic mesophases : a cholesteric and a 
smectic. The characteristics of its melting and of its monotropic transi- 
tions have been measured^’. The calculated phase diagram (figure 13) is 
hypermesomorphogenic both for the smetic solution and the cholesteric 
solution. The cholesteric and liquid phases must appear at 75*4 °C and 
78*2 °C. The experimental values are 75"" C and 78° C^*. Then there is no 
discrepancy between the measured and calculated values if we suppose the 
coincidence of the virtual and monotropic transitions. 

This coincidence is once more tested by the study of the following 
mixtures: di-/i. octyloxy-4,4' - dimethyU2,2' - tolan and di-n. dccyloxy- 
4, 4' ~ dimethyl-2,2' - tolan^^. These two components have monotropic nema- 
tic-liquid transitions, the first at 63-5° C and the second at 63° C. A stable 
nematic phase appears in their mixtures at 45° C which transforms quickly 
into the liquid phase at 63° C. 



Flgw* 13 Isobaric phase diagram calculated for the mixtures of cholesteryl myristate 
and cholesteryl stearate. 
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(b) The virtual transitions are characteristic of a pure compound 

Other experimental tests have been done with some p,n--alkyl p',n-alkoxy- 
tolans^®'^. These compounds are listed in table 1. For two non- 
Qematogenic homologs the characteristics of the virtual transitions have 
been deduced from the three phase point temperatures of hypernematogenic 
mixtures of these components with other nematogenic homologs. The 
three phase points used are the ones situated at the temperatures Ti and Ti 
(figures 14 and 15). To vary the conditions, the nematogenic components 
have been chosen with nematic ranges situated at the most widely different 
possible temperatures. 

The three phase point temperatures (first Ti for the nematic 
eutectic and secondly T 2 for the liquid eutectic point (figure 14) or liquid 
peritectic point (figure 15) are obtained by observation of contact 
samples in a polarizing microscope ( Lcitz, Panphot) with a heating 
and cooling stage ( Mettler, FP5 ). The results obtained for the com- 
pounds No. 1 and 7 ( table 1 ) are listed in table 2. Within the 

experimental uncertainty, the virtual transitions characteristics obtained do 
not depend on the second component of the mixtures. It generalizes for 
the tolans the results obtained for the Schiff’s bases ^ 2, 24 magnitudes 

are the same as for the real transitions of the other homologs. The 
transition characteristics for some methoxy alkyl tolans arc so known 
(table 3). Their changes versus the carbon number p of their alkyl chain 
are written on figure 16. The data for the virtual transitions of the 
butylmethoxytolan and for the monotropic transition of the propyl- 
methoxytolan do not break the regularity. 

( c ) Isoharic binary phase diagrams forecast 

With the knowledge of the transitions for the non-ncmatogenic 
compounds No. 1 and 7 (table 2) it is possible, first, to calculate the 
isobaric phase diagrams of their mixtures with other homologs ( nemato- 
gerfic ) and secondly, the isobaric phase diagram for the mixtures composed 
with these two non-nematogenic components. 

The phase diagrams for the mixtures of a nematogenic component 
with a non-nematogenic component are hypernematogenic. In table 4 
the eutectic temperatures Ti for the nematic eutectic points and the 
temperatures Tj for the eutectic or peritectic points of the liquid phase 
are listed. Some of these mixtures are nematic at room temperature. The 
equimolar mixture of compounds No. 7 and 14 are nematic between 16 
and 56** C. 

The calculated isobaric phase diagram (figure 17) for the mixtures 
of the two rion-nematogenic tolans No. 1 and 7 has an intermediary nematic 
phase. This phase is really observed. Its temperature ranges calculated 
and measured are listed in table 5. Their coincidences show that this 
nematic phase can be considered as perfect. Its existence does not result 
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Table 1. Characteristics of the transitions (C denote crystalline, N ncmi 
tic and L liquid phase) of p,n-alkyl p',n~allcoxytolans with formula 



If there are differences between data from first melting and second meltin 
then just the data from second melting are given. The values bctweej 
parentheses are obtained with differential scanning calorimetry for mono 
tropic transitions. 


Com- 

pound 

No. 

P 

<1 

J'ON 

(°C) 

/k cal\ 
^mole / 

JCL 

(°C) 

AH^^ 

/k cal\ 
y^mole J 

J-NL 

(»C) 

AH^^ 

/k cal\ 
^mole J 

1 

1 

9 


- 

72-5 

11*2 

- 

— 

2 

2 

8 

- 

- 

76 

9.9 

(65) 

(0.16) 

3 

3 

1 

- 

-* 

66 

5-0 

(61) 

(0.15) 

4 

3 

2 

90 

4.9 

- 

- 

98‘5 

0-21 

5 

3 

6 

59-5 

5-6 

- 

- 

75-5 

0.25 

6 

3 

7 

48 

5*6 

- 

- 

70-5 

0.22 

7 

4 

1 

- 

- 

47*5 

4-1 

- 

- 

8 

5 

1 

43 

4-2 

- 


55 

0.14 

9 

5 

5 

48-5 

3-8 

- 

- 

68.5 

0.19 

10 

6 

1 

39 

6-2 

- 

- 

42 

0.11 

11 

6 

4 

46-5 

3-7 

- 

- 

69-5 

0.18 

12 

7 

1 

39 

5.1 

- 

- 

54 

0^12 

13 

7 

3 

41 

5-4 

- 

- 

63 

0.22 

14 

8 

2 

47-5 

4-1 

- 

- 

73-5 

0.2? 

15 

9 

1 

41 

7-45 

- 

- 

53-5 

0.21 


from the new compound formation but depend only on the depression of 
the solidification temperature, 

6. Conclusion 

For mixtures of chemically similar components, particularly for the deriva- 
tives of a same scries, the simplifying hypotheses used here, allow the predic- 
tion, with calculations, of isobaric binary phase diagrams with suflScient 
accuracy for numerous applications to the nematic phases. In this manner 
it is possible to advance the purely descriptive state in this field. 
Nnimerous experimental phase diagrams, even apparently sophisticated ones 



Prediction of phase diagrams 


149 



Figure 14 Isobaric phase diagram of mixtures of propylhcptyloxytolan (6) and butyl- 
mclhoxytolan (7), 

Table 2, Temperatures of three phase points Ti and Tz (see figures 14 
and 15 ) of the isobanc phase diagrams of the mixtures of non- 
nematogcnic and ncmatogenic tolans and characteristics of the virtual 
nen^a tic-liquid (N-L) and crystal-nematic (C-N) transitions of the 
non-nematogenic compounds. The numbers of the compounds arc the 
same as in table 1. 


compound 

without 

stable 

nematic 

phase 

No. 


other 
compound 
of the 
mixtures 
No. 


Ti 

rc) 


Tz 

("C) 


( ) 

(*C) 





(jroK) 

(°C) 





12 

33-7 

57-9 

59-5 

0-31 

72-9 

10-89 

14 

38-3 

64 

60-9 

0-34 

72-9 

10-86 

15 

20-5 

42-2 

40-7 

0-17 

47*8 

3-93 

6 

20*4 

43-5 

40-0 

0-16 

47*8 

3-94 


7 



150 


M Donton and J Billard 



Figure 15 Isobaric phase diagram of mixtures of methyinonyloxytolan (I) and heptyl- 
mcihoxytolan (12). 


Table 3. Characteristics of the transitions of some p,«-alkyl p'-methoxy- 
tolans ( for notations see table I ). 


p 

J-OM 

(-c) 

/ kcal \ 
^ mole J 

jx:l 

(•C) 

ah^ 

/ kcal \ 
^ mole J 

JVL 

{°C) 

ah^ 

f kcal \ 
^ mole J 

3 

66-16 

4-85 

66 

5-0 

61 

0-15 

4 

47-8 

3-94 

47-5 

4-10 

40-3 

0-16 

5 

43 

4-2 

43-4 

4-3 

55 

0-14 

6 

39 

6-2 

39-05 

6-3 

42 

0.11 

7 

39 

5-1 

39-3 

5-2 

54 

- 0-12 

9 

41 

7-45 

41-3 

7-7 

53-5 

0-21 



Predi:tion of phase diagrams 151 



Figure 16 


Temperatures and enthalpies of the transitions of p-n-alkyl-p -methoxylolans 
(see table I) : (a) + and 0 ; (C) continuous line and 

non-continuous line (d) 


(for e^mple the phase diagrams No. C VIII and C XI in ref. 33) can be 
understood. New types of phase diagrams are predicted. This forecast 
can aid their experimental discovery. Virtual transitions are included in 
the charaiiteristico of a pure compound. They coincide with the mono- 
tropic transitions when these last can be observed. Their knowledge 
allows the study of the evolution of the stability of the mesophases in a 
chemical series, also when certain of its homologs have neither a stable 
nor a monotropic mesophase. 



152 


M Domon and J Si I lard 



Figure 17 Isobaric phase diagram calculated for the mixtures of methylnonyloxytolan 
(1 ) and butylmcthoxytolan (7 ). 


Table 4. Temperatures T, of eutectic point of the nematic phase and Ti 
of eutectic or peritcctic point of the liquid phase of the mixtures, of 
nematogenic and non-nematogenic tolans ( their numbers are the same as 
in table 1 ). 



nemato- 

Ti 

Ti 

non nemato- 

rc) 

(°C) 

genic 

genic 

tolan 

tolan 

calc. measured 

calc. measured 


7 

8 

14-3 

22-0 

41-6 

41-9 

1 

15 

34-7 

35-5 

57-6 

54*3 

7 

14 

16-0 

16-8 

43-0 

43-2 

1 

6 

40-3 

37-8 

65-6 

64-3 

1 

13 

33*5 

33-0 

61-5 

62-2 

7 

13 

12-6 

16 ± 5 

43-4 

42-7 
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Table 5. Limits of existence of the nematic phase in the mixtures of 
butylmethoxytolan and methylnonyloxytolan (see phase diagram figure 17). 


i 

( of T, in figure 17) 

molar fraction 
( calc. ) 

calc. 

T CO 

measured 

1 

0*17 

38-4 

38-3 

2 

0-09 

43-2 

43-0 

3 

0-31 

48*6 

45.3 


We have only consdiered* cases of phase diagrams for systems 
having more than two components, where intermediate solids appear, or 
for the systems where imperfect solutions exist. A preliminary examination 
of the isothermal phase diagrams ( involving the parameters pressure and 
molar fractions) indicates that it is more diverse than the isobanc phase 
diagrams. 
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DISCUSSION 

Schnur : Arc all the curves you have shown based on equilibrium values? 
What was done to take into account monotropic and super-cooled phases? 
Billard : These results are valid for equilibrium states. In certain cases 
only monotropic transitions coincide with virtual transitions. We cannot 
foresee the supercooling phenomena with these calculations. 

Vasanth ; ( 1 ) For a particular composition of a binary mixture, is the 
transition from the mesomorphic state to the isotropic liquid sharp? 

(2) Could you throw some light on the nature of the spindles 
and the significance of the shaded region ? 

Billard: (1) If we have two binary solutions in equilibrium, the 

clarification phenomenon is at one temperature just as pure components. 

(2) The spindles are formed by two curves limiting the domain 
of existence of the phases. In the shaded region of the phase diagram we 
have two phases in equilibrium. The vertical width gives the temperature 
range of the transformation of a phase into the other for a system having 
a given composition. The horizontal width represents the difference 
between the molar fractions of the two solutions in equilibrium at a given 
temperature. 

Gray: Dr. Vasanth asked an earlier question about the spindle in the 
phase diagram and I am not sure that Dr. Hillard’s answer was clear to 
him. I would ask Dr. Billard to confirm that the thickness of the spindle 
reflects the spread nature of a particular transition, i.e., the temperature 
range over which say the nematic-isotropic liquid occurs for a given com- 
position. The real point is that transitions such as that for nematic- 
isotropic liquid arc usually not as precise as those for pure single 
compounds. 


Billard: Thank you for your help. 
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Vibrational spectra of liquid crystals. X. Recent progress in the 
study of infrared and Raman spectra of nematics and 
nematogenic crystals 
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TERRY KENNELLY and WAI BONG LOK 

Hunter College of the City University of New York, 

695 Park Avenue, New York, N.Y. 10021, USA 

Abstract. Progress in three areas of vibrational spectra of nematic 
phases is described. These include the interpretation of lattice vibra- 
tions of nematogenic crystals, changes in the C~H stretches in the 
infrared spectrum near the nematic-isotropic transition, and the 
observation of infrared optical activity in twisted nematic phases. 


1. Introduction 

For many years there has been interest in whether or not infrared and 
Raman spectroscopy could really yield information about phase transitions 
in complex molecular systems. While there is little dispute over the fact 
that the spectra show numerous changes at phase transitions, it has been 
a matter of some speculation as to whether these changes can be inter- 
preted satisfactorily. For complex organic molecules these doubts arise 
in the following way : With the current state of intcrmolecular and 
intramolecular potential theory, one generally has to rely on a particular 
interaction dominating any change which one wishes to interpret. In 
addition there should be relatively few forces which arc different in form 
<5r parametrization in a particular problem. Finally, one would hope for 
a separation of intra - and intcrmolecular effects, or at least, an observation 
which is completely dominated by one or the other. 

For organic crystals, and in particular for nematogenic materials, one 
has every reason to believe that this would not be the case. Because of 
the complexity of the organic molecules involved, there is a wide 
variety of intermolecular interactions involved. Even the simplest liquid 
crystals contain at least three different elements ( C, H, O, or C, H, N ) 
and many contain both oxygen and nitrogen. Non-equivalent C-H bonds 
are often present, as well as different types of oxygen. Thus one can 
expect that the intermolecular forces responsible for the crystal lattice 
will be complex if viewed from the perspective of atom-atom interactions. 

A second problem comes in the relative flexibility of the molecules 
themselves. Many of the liquid crystals contain substituents which, have 
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low frequency torsional vibrations, e.g.y methyl and alkoxy groups. The 
barriers arc sufficiently high so that one may expect a number of 
conformations to be present in these molecules, and the possibility of 
intramolecular conformational changes certainly exists. A further compli- 
cation exists in that the molecules have low symmetry ( generally Ci ). 
If the torsional frequencies fall between 150 and 300 cm“*, we may expect 
them to interact with the lattice modes, which are found between 10 
and 140 cm-*. 

Despite all these apparent difficulties, our group undertook a study 
of nematic, smectic and cholesteric mesophases via infrared and Raman 
spectroscopy several years ago. Several other groups have also been carry- 
ing out related studies. In this paper we wish to report recent results 
we have obtained from the vibrational spectra. We will discuss only 
nematic spectra in this paper. Three aspects will be presented. First, 
some recent work on the interpretation of the lattice vibration spectra 
of 4, 4'-azoxydianisolc ( PAA ) will be presented. Second, we will discuss 
some changes we have observed in the intramolecular vibrations of 
4-ethoxybenzylidcne, 4'/i-butyl aniline ( EBBA ). Finally, we will present 
some work on infrared optical activity induced by a twisted nematic phase. 


2. Lattice vibrations of nematogenic crystals 

The lattice vibrations of PAA have been reported in the Raman spectrum 
by us* and others^, as well as in the far infrared region^ While our 
Raman work is done on single crystals, allowing assignment of modes to 
symmetry species, the infrared studies we carried out were only done on 
polycrystalline samples. PAA crystallizes in the cL unit cell symmetry, 
with four molccules/unit cell. There are thus 24 possible lattice vibra- 
tions, dividing equally among Ag, Au Bg, and Bu representations. Since 
the unit cell has a center of symmetry, there arc no predicted coincidences 
between infrared and Raman spectra. Three of the twelve infrared active 
modes are acoustical vibrations, and are expected to be at zero frequency 
in the approximation to which we will treat the crystal here. 

Figure 1 shows the Raman spectrum of two views of the single 
crystal in the lattice vibration region. First, we note the high quality 
of these spectra. It is clearly possible to obtain relatively high resolution 
spectra in this region with a modern Raman instrument. Note that modes 
less than 20 cm”* from the exciting line are readily observed. Figure 2 
shows the far infrared spectrum in the same region. This is a polycrystalline 
sample, as noted above. It is more difficult to discern the low frequency 
modes here. As we shall see, this may be due to the fact that, none 
exist, however, the energy of the instrument is extremely limited in this 
region. 

On comparing the two spectra, one notes that some bands are observed 
at approximately the same frequencies in the two sets of spectra, while 
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some striking differences also exist. The most interesting difference is 
that the highest frequency bands in the Raman spectrum are at about 
90cm“*, while in the infrared a band at 135 cm“* is definitely due to 
a lattice vibration, and the band at 150 cm“* probably involves the 
combination of a lattice mode and an internal torsion Bulkin and Lok^ 
have also reported the infrared spectrum of MBBA ( the methyl analog 
of EBBA) in this region and find the same phenomenon (higher frequency 
far infrared than Raman lattice vibrations) when compared to the Raman 
spectra of MBBA obtained by Mitra et al\ Bulkin and Hng^ have found 
the same separation of highest frequency lattice vibrations in the octyloxy 
benzoic acid crystal. This phenomenon clearly needs to be explained. 
It is discussed further below for the PAA case. 

Let us consider the other extreme of comparison between the infrared 
and Raman spectra. What does it mean when the infrared and Raman 



Figure 1 Raman spectrum of PAA. 0-100 cm-*. Spectrum is that of a single crystal 
in two views of the polarization analyzer, isolating A^ and active Raman 
bands ( from Ref. 1 ). 
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Figure 2 Far infrared spectrum of PAA, polycrystalline sample between crystal quartz 
plates, vs, reference of crystal quartz (from Ref. 3 ). 


spectra both show modes at exactly the same frequency? In the limit 
of no intcrmolecular coupling between molecules in the unit cell, all 
translations along a particular co-ordinate, or hindered rotations about 
a particular axis, will appear at the same frequency. As the coupling 
increases, these co-ordinates should split into four distinct modes. In 
setting out to interpret the spectra, we have been interested in the 
question of whether coincidences in the spectra reflect weak intermolecular 
coupling or accidental degeneracy. 

Bulkin and Prochaska* have reported that the Raman spectrum of 
PAA shows the presence of a “soft mode”. Such a feature was also' 
remarked upon in the far infrared spectra’. The existence of a soft mode 
was predicted from statistical mechanical calculations^. Pre-transition 
effects in the Raman spectra of MBBA were also noted by Billard et alJ 

Several years ago, we began to attempt a calculation of the lattice 
vibrations of PAA in the k - 0 approximation. The details of this 
calculation arc published separately*. However, in reviewing recent progress 
in this field, we wish to summarize how these calculations explain some 
of the experimental observations just described. 

The principle of the calculation is straightforward, although there 
are aspects of the methodology, not discussed herein, which ale rather 
complex. A potential function was constructed which consisted of two 
parts. First a static dipolar term was included, using the three dipoles 
of each molecule. There are thus a total of 12 oriented dipoles in each 
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Table 1. Observed* and calculated lattice vibration frequencies 

Symmetry Species Translatory^ Rotatory^ 


Ag 


observed 

30 

52 

70 

16 

74 

91 

calculated 

28 

55 

62 

20 

69 

94 

Bg 

observed 

30, 37 

52 

70 

16 

74, 90 

95 

calculated 

37 

60 

69 

25 

82 

101 

Au 

observed 

50 

70 

— 

135, 150 

84 

50 ? 

calculated 

51 

69 

0^ 

130 

89 

55 

Bu 

observed 

— 

— 

70? 

115 

84 ? 

50 ? 

calculated 

0^ 

0^ 

67 

119 

78 

52 


Notes; I. Raman data (Ag, Bg ) from ref. 2, single crystal frequencies at -90'^. 

Far infrared (Au, Bu) data from ref. 7, polycrystalline sample at 

2. Modes arc primarily rotatory or translatory in nature, however, the transla- 
tion-rotation interaction force constants are not negligible. 

3. Acoustical modes. 

unit cell. Second, atom-atom interaction parameters were obtained from 
other works. These were not refined in any way. We simply chose the 
atom-atom interactions which seemed moU appropriate and transferred 
them to our system. The potential so obtained yielded an energy minimum 
at the equilibrium geometry of the crystal with respect to translational 
and* rotational motion about all the co-ordinates. It was differentiated 
twice and evaluated about the equilibrium position to obtain the force 
constants. From these force constants frequencies were calculated using 
a harmonic approximation. 

These frequencies, together with the experimentally observed frequencies, 
are shown in table 1. In this table the observed frequencies are assigned 
to the calculated ones on the basis of closest fit. In some cases an 
arbitrary choice was made. For Raman active modes, where single crystal 
data were available, the Ag and Bg modes can be separated experimentally ; 
this was done in making assignments. In the far infrared the data are 
far less complete. We have assumed, in several cases in the far infrared, 
that more than one mode is giving rise to absorption at a particular 
frequency. 

• 

Note first the rather good agreement between calculation and experiment 
which is observed here. It is important to point out again that the 
calculated frequencies do not use the experimental data at all. 
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Figure 3 Packing of PAA molecules in the crystal, based on x-ray work of Krigbaum®. 


In table 1, the modes have been labelled as translatory or rotatory in 
nature. This is an approximate designation only, as the intermodc coupling 
force constants are often large. The packing of PAA molecules in the 

crystal is shown in figure 3, reproduced from x-ray work by Krigbaum et aP. 
Table 1 is arranged in columns, with respect to this figure, in which 

modes are translatory along a, b» and c respectively, and rotatory about 

these same axes. Again, these are approximate designations. As one goes 
down a column, through the various symmetry species, the different 

couplings between these modes are seen. These are very similar, then, to 
the coupling of internal co-ordinates into symmetry co-ordinates which 
is used in intramolecular force constant calculations. 

The calculations show that the infrared spectrum is indeed predicted 
to have higher frequency lattice vibrations than anything found in the 
Raman spectrum. It is interesting to sec how these high frequency modes 
arise. They arc not due to a mass effect, that is they are not coming 
from the G matrix terms in the calculation. Rather they arise from a 
very strong intermolecular coupling along certain rotatory co-ordinates. 
One can sec that the highest frequency infrared band and the lowest 
frequency Raman band are due to the same type of rotatory motion, 
according to this calculation. There is a very strong intermolecular 
coupling between some of the molecules. This gives rise to a situation 
in which the infrared bands in the two species are approximately coincident, 
as arc the Raman bands, but the two pairs of bands are widely separated. 
It is this sort of specific anisotropic coupling which one expects to sec 
in nematogenic materials. This co-ordinate, which couples so strongly, 
can be seen by reference to figure 3. It is a rotation about an axis 
which is 24° from the a axis of the crystal. This is primarily a rotation 
normal to the long axis of the molecules. The most strongly coupled 
translations are along the b axis of the crystal. This is also the motion 
perpendicular to the long axis. 
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By contrast, we note that the translations along the long axis of 
the crystal (c) are very weakly coupled. The calculation predicts that 
all three will occur at nearly the same frequency. It is of interest that 
this mode is predicted to occur in the 70 cm”* region of the spectrum, 
which is where the observed soft mode was found. 

These calculations are useful in both interpretation of the spectra 
and in helping us to make our qualitative ideas of nematic liquid crystal 
formation more quantitative. It is often said, for example, that when 
a crystal forms a liquid crystal certain intermolecular interactions are 
maintained while others are lost. It is known that there is great motional 
freedom in a liquid crystal of the nematic type along the long axis, but 
little perpendicular to the long axis. The calculations show that this 
will be the case when viewed from the hindered motions of a unit cell. 

A final aspect of these calculations should also be noted. Some 
texts stress the importance of dipolar interactions in formation of the 
liquid crystals. We can almost reproduce the observed frequencies by 
omitting the static dipole contribution to the energy. This is only about 
2% of the total lattice energy, and affects the frequencies only slightly. 
While the individual dipole terms are large, the number of van der Waals’ 
type terms overwhelms the dipolar contribution, and these terms are 
primarily responsible for the lattice energy. 

3. The C-H stretching region in the nematic phase 

In the course of doing a complete study of the infrared spectrum of 
oriented MBBA and EBB A, we have had occasion to examine the spectra 
of homogeneous and homeotropically aligned samples as a function of 
temperature through the complete infrared spectrum. The far infrared 
work has been referred to in passing abeve^. In this section, we wish to 
show another type of spectral change which can be seen in the C-H 
stretching region. Results which are similar in all respects have been 
observed for both MBBA and EBBA. The EBBA results will be shown 
here. 

Figure 4 shows the infrared spectrum of solid EBBA and the nematic 
material just above the C~N phase transition. In figure 5 the approximate 
assignments of the C-H stretching region bands are shown. Most of the 
intensity comes from the /?-butyl group, but some comes from the ethyl 
group as well. The aromatic C-H stretches are not shown in these spectra. 

Figures 6 and 7 show what happens in this region when homogeneous 
and homeotropically aligned samples are heated through the nematic 
phase and into the isotropic liquid. As can be seen from the spectra, 
although the two alignments give slightly different spectra the observation 
is the same: At a temperature below the N-I transition the bands in 
the C-H region broaden considerably. Before the transition occurs they 
sharpen, with some shifts in frequency maxima being observed. 
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EBBA 

HOMOGENEOUS 

CRYSTAL NEMATIC 



Figure 4 Infrared spectrum of solid and nematic 
EBBA in the aliphatic C-H stretching region. 


CHg Qsym. 



Figure 5 Approximate assignments 
of aliphatic C-H stretches of EBBA. 



Figure 6 Infrared spectrum of homco- 
tropically aligned EBBA in the nematic 
phase and slightly above the nematic- 
isotropic transition temperature ( ). 

Vertical lines represent constant frequency. 


Figure 7 Analogous spectra to those 
shown in figure 5 for homogeneously 
aligned EBBA. The constant frequency 
lines arc omitted for clarity. 


How do we interpret these figures? First, it is interesting to note 
the similarity between the spectra in crystal and nematic phases. While 
there are some differences in band width, there are no drastic changes 
taking place. This means that the conformation or distribution of 
conformations occurring in the crystal probably also occurs in the low 
temperature region of the nematic phase. 

As the temperature is raised the bands broaden. This means that 
changes in conformation are occurring on the time scale of a C-H vibration. 
As the redistribution of conformations takes place, the band widths arc 
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expected to increase. Once a new distribution is established, or the 
interconversions are occurring much faster than the time scale of a 
molecular vibration, the bands sharpen again. The slight shift in some 
frequencies reflects the new mean field environment of the C-H groups. 

We do not know how significant is the difference in temperature 
between the observation for homogeneous and homeotropic spectral broaden- 
ing. The transition temperatures for the two alignments were assumed 
to be the same. If this is true, then the broadening occurs at slightly 
different temperatures below the phase transition. Other measurements 
made by us*^ indicate that the S value (order parameter) measured from 
the infrared spectrum of the homogeneous alignment alone is different 
from that obtained using both the homogeneous and homeotropic align- 
ment. If this is the case at a particular temperature, then one might 
predict that the transition temperatures should be different. This would 
be based on the assumption of a particular S value for the nematic to 
isotropic transition. 

Martire and others from thermodynamic work, have speculated 

on the role of the conformations of the hydrocarbon end chains in the 
entropy change associated with the N-I transition. Schnur’^ has obtained 
evidence from the Raman spectra of long alkyl chain alkoxy azoxy 
benzenes that there are changes in the accordion mode region as the phase 
transitions are traversed. We believe that this work on the C-H stretching 
region spectra represents further evidence along these lines. Studies on 
deuterated samples of EBBA are in progress to more clearly elucidate the 
transition. These will serve two purposes. First, in partially deuterated, 
e.g. deuterated «-butyl chain only, samples, the C-D stretching region of 
the hydrocarbon chain will be separated from that of the methoxy or 
ethoxy groups. Second, the mass effect of the deuterium will change the 
vibrational frequency and hence the temperature at which the observation 
of the broadening should take place. Thus these studies are needed to 
provide more definitive confirmation of this explanation of the observed 
phenomenon. 

4. Induced infrared optical activity in twisted nematics 

Recently, there have been a number of reports of the presence of infrared 
optical activity in the spectra of liquid crystals. Chabay noted this in 
the case of cholesterics* ^ as did Shrader and Korte'^. The theory of the 
effect has also been discussed*’. 

In the course of other studies on the measurement of the order 
parameter via the infrared spectrum of nematics ( see above ) we have 
also noted this infrared optical activity. If two infrared windows arc 
treated so as to give homogeneous alignment, and then the windows arc 
set so that the directors are perpendicular to one another, the nematic 
phase should execute a quarter of a helical turn between the two plates. 
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Figure 8 Dichroic difference spectra 
(A 900 ““^ 0 ° ) for EBBA aligned in 
the twisted nematic arrangement. 


975 920 
cm' 

This is a method of making a pseudo-cholesteric phase from a nematic 
without resorting to the technique of adding an optically active material. 

When the infrared spectrum of such a phase is examined using 
polarized infrared radiation, we would ordinarily expect to see no effect 
at all on the spectrum in the two positions of the polarizer. This is 
because we should have an even distribution of molecules along all 
directions. Figure 8 shows that this is not the case. In the 1000 cm"' 
region of EBBA we sec that the dichroic difference, recorded on a Perkin- 
Elmer Model 180 spectrometer, shows both a positive and a negative 
deflection for the bands in that region. What this means is that the two 
components are being absorbed differently as they pass through the 
medium. This is another way of stating that there is infrared optical 
activity. 

The magnitude of the dichroic difference induced in the infrared 
by twisted nematics will be, we believe, a sensitive probe of the ordering 
of solutes by nematic mesophases. We are currently studying the infrared 
optical activity induced in a series of aromatic nitriles of the general 
formula PhenyUCN where x * 1, 2, and 4. 
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DISCUSSION 

Janik : I have several comments and questions : 

( 1 ) I understand that your calculations and results correspond to the 
most stable phase of solid PAA. 

(2) Wc made a far-infrared study of MBBA and also obtained the 
135 cm-* peak. As it survives melting we rather tliink that it is connected 
with OCH 3 vibration (torsion about long molecular axis). 

(3) Neutron diffiaction work with dcutcratcd PAA performed by Riste 
€t al. in Norway leads to the conclusion that in the soft solid region a 
few degrees below melting there exists a soft mode corresponding to large 
angle torsions of the molecule. 

Bulkin : In response to your first question, yes, wc are calculating only 
the stable solid. In response to the second point, we have already pub- 
lished the far-infrared spectrum of MBBA*. In that paper, wc show that 
the band at 135 cm-* does indeed persist to the liquid phase. However, 
it disappears in solutions in CCI 4 (at correspondingly greater pathlengths, 
pathlength concentration being kept constant ). This implies that the 
anode is of intermolecular origin. Finally, with regard to your third point, 
I am very pleased to hear of the neutron diffraction data. We have pre- 
viously reported the existence of a soft-mode for PAA in the soft solid 
region**. Amer and Shen have disputed this observation. However, it 
has been predicted by Kobayashi from statistical mechanical considera- 
tions. In addition, the observations of our laboratory and of Billard et al. 
on MBBA confirm this effect. 


• Bulkin B J and Lok W B 7. Phys. Chem. 77 326 ( 1973 ) 

•• Bulkin BJ and Prochaska F T 7. Chem. Phys. 54 635 ( 1971 ) 
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Abstract. The far-infrared absorption of p~azoxyanisolc has been 
studied in the range 20-200 cm-*, as a function of temperature. The 
distinct bands in the room temperature spccturm persist even at 
temperatures very close to the crystal-nematic transition and no maiked 
pre-transition effects arc present. A broad absorption band is seen in 
the spectra of the isotropic, nematic and supercooled nematic phases. 
The position of this band shifts down by^ lOcm-i on going from the 
nematic to the isotropic phase. 


1. Introduction 

The study of the vibrational spectra of liquid crystals has been of 
considerable interest in recent years*. Infrared absorption and Raman 
spectra of several liquid crystals have been investigated and have provided 
useful information regarding the characteristics of the dilTerenl mesophascs. 
The low frequency modes in these spectra are of particular interest as 
these are related to the intermolceular forces in liquid crystals. So far, 
very few studies have been reported on the far-infrarcd spectra of liquid 
crystals2“5 ]n this paper, we present some preliminary results of our 
study of the absorption of /7-azoxyanisole ( PAA ) in the region of 
20-200 cm”*. The far-infrared spectrum of PAA in the crystalline, nematic 
and isotropic phases has been reported earlier by Bulkin et The 

I^resent study shows some differences as compared to their work. 


2. Experimental procedure 

The spectra were obtained using the Polytec FIR 30 interferometer* with an 
on-line Nova 1200 computer The interferograms were Fourier transformed 
in real time and no apodization was used. To eliminate atmospheric water 
vapour, the interferometer was kept evacuated during all the measurements. 
The spectral range of 20-200 cm”* was covered using two different beam 
splitters. One had a usable transmission range of 20-160 cm~** and the 
other had a range of 50-450 cm-*. The spectra in the two ranges were 
obtained ^ith resolutions of 4 and 5 cm”* respectively. In the region of 


• Polytcc GmbH & Co., 7501, Reichenbach, Karlsruhe, West Germany 

t Data General Corporation, Southboro, Mass. 01772, USA. 
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overlap of the two ranges, the observed transmission through the sample 
agreed to within ± 2% except near the minima in the efficiency of 
transmission for either beamsplitter. As is known, the noise in the ratioed 
spectrum can become rather high in such regions. 

The PAA samples were contained between two quartz windows of 
diameter 25 mm and thickness 1-2 mm at the centre. They were cut 
parallel to the c-axis and their surfaces polished. The windows were 
wedged at an angle of I'* to eliminate interference fringes. As a result 
of the reflection from the beamsplitter, the radiation is partially polarized 
with the vertical component of the electric vector being more intense, 
a-quartz has a doubly degenerate infrared and Raman active zone-centre 
optical phonon<> at 128 cm-*, its polarization lying in the plane normal 
to the c-axis. Hence, in order to minimize the absorption of the windows 
at ^ 128 cm-*, the e-axis was kept vertical. 

The windows were pressed together in intimate contact and the 
reference spectrum was obtained at several temperatures, so as to take 
into account its temperature dependence. Thus, for a given pair of 
reference and sample spectra, the difference in temperature between the 
two was certainly within 10° C. The reference spectra were quite free 
from effects of interference fringes arising from either the windows or the 
extremely small spacing between them. The effective aperture was 15 mm 
and the sample thickness was usually ^ 100 /jl, 

PAA supplied by Eastman Kodak Co. was used in this study. The 
crystal-nematic and nematic-isotropic transition temperatures of the 
material were 118 and 135® C respectively. Polycrystalline samples were 
prepared by two different methods. In the first, PAA was finely ground 
and sieved to eliminate particles larger than 40 /jl. The sieved powder 
was then spread into a fairly uniform layer between the quartz windqws. 
Though no effort was made to precisely control the thickness of the layer, 
it is estimated to be 100 m- Sieving the powder ensured that the 
particle size in the sample was smaller than the shortest wavelength in 
the spectral region of the present measurements. It was experimentally 
found that this procedure diminished radiation losses due to scattering, 
especially at the shorter wavelengths. 

In the second method, a bubble-free film of the isotropic liquid was 
formed between the windows and the thickness of the film was kept at 
100 M using a teflon spacer. The isotropic liquid was then slowly cooled. 
This again resulted in a polycrystalline sample in which the crystallite 
size was much larger than the average wavelength in the spectral region 
of interest. Thus, this method of sample preparation was also effective 
in diminishing the loss of radiation due to scattering. 

The measurements in the nematic and isotropic phases were carried 
out on films of thickness 100 /i. It was possible to maintain the liquid 
sample between the windows, without any leakage into the surrounding 
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vacuum. No attempt was made to orient the nematic sample. Though 
the cell windows were wedged, the parallelism of the liquid film am, in 
principle, create interference fringes that can distort the ratioed spectrum. 
However, from the available data on the refractive indices of a-quartz^ 
in the far-infrared region and on the dielectric constants of liquid 
crystalline PAA in the microwave region®, it is to be expected that such 
fringes will be of a very small amplitude. Indeed, experimentally no 
observable effects were seen. 

The windows together with the sample were held in a copper block 
which was heated with a variable temperature cell ♦. Measurement and 
control of temperature were accomplished using a cu-constantan thermo- 
couple in conjunction with a TC/30 temperature controller!. Temperature 
measurements were accurate to ± TC and fluctuations were within O-5'’C. 
After the controller indicated the desired temperature, about 15 min. 
were allowed for the sample to reach thermal equilibrium before carrying 
out any measurements. 


3. Experimental results and discussion 
3.1. Crystalline phase 

Figure 1 shows the absorption spectrum of polycrystallinc PAA at room 
temperature. Trace A shows the spectrum obtained using sieved powder. 
It is seen that clear absorption bands are present at 45, 68, 94, 140 and 
156 cm*"*. The shoulder at 86 cm-^ is noteworthy as it was repeatedly 
observed in different measurements. Weak absorption features have also 
been observed at 31, 39 and 56 cm“*. The mode at 31 cm-* is in a region 
of poor signal-to-noise ratio and the other two appear as shoulders riding 
a slope. For these reasons it was not always easy to discern these 
features. However, the other features shown here were always clearly 
observable. Trace B shows a typical spectrum obtained when the sample 
\^as prepared by slow cooling from the isotropic phase. Comparison with 
trace A shows that the main features are common to both. The mode 
which appears as a shoulder at ~ 86 cm-* in Trace A, is now more 
clearly seen. On the basis of this and other similar spectra obtained by 
us, it appears that there are actually two modes here, situated at ^ 86 
and 94 cm-*. The two modes could not be resolved more distinctly even 
with a spectral resolution of 2 cm-* ; presumably this is due to the close 
proximity of the modes and the fact that the line-width of each at room 
temperature is greater than 4 cm-*. The weak absorption line observed at 
124 ± 1 cm-* is also manifested as a perceptible shoulder in trace A, as 
is shown in the inset. However, it was not readily reproducible each 
time a npw sample was prepared. Also, as a-quartz exhibits a strong 


* Spectroscopic Accessory Co., 241, Main Road, Sidcup, Kent DA 146 QS, UK. 
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Figure 1 Far- infrared absorption spectrum of polycrystallme PAA at 25°C. 

(A) Sample prepared with sieved powder. The region 120-130 cm-i is 
shown enlarged in the inset. (B) Sample prepared by slow cooling from 
the isotropic phase. 


absorption around 128 cm~', slight distortions may occur in the ratioed 
spectrum in the vicinity of this line. For these reasons, the identification 
of this line as an absorption mode of PAA must be regarded as tentative 
at present. Further experiments to ascertain this are in progress. 

With either method of sample preparation, we have not observed 
the modes at 115 cm-* and 180 cm-*, reported earlier^. Table 1 lists the 
absorption frequencies observed in polycrystalline PAA at 25° C in the 
range 30-200 cm-*. The accuracy of the line positions is i 1 cm“*, 
except for the weaker features denoted by an asterisk. In these cases as 
well as for the broader lines, the frequencies are accurate to + 2 cm-*. 
The frequencies reported earlier^ are also listed for comparison. 

The temperature dependence of the absorption spectrum in the 
crystalline phase is shown in figure 2. As PAA is heated, there is a 
gradual reduction in the intensity of all the absorption bands. The modes 
observed at 140 cm-* and 156 cm-* at room temperature become broadened 
and less distinct. No marked frequency shifts are seen except for the 
mode at 94 cm-* which shifts down by '^2*5 cm-* at 117®C as compared 
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Table 1 Far-infrared absorption frequencies of polycrystallinc PAA ( in 
cm*-^ ) at 25°C, in the range 30-200 cm- The weaker lines arc 
denoted by an asterisk. 


Present work 31* 39* 45 56* 68 86 94 — 124* 140 156 

Reference 3 — — 50 — 70 84 — 115 — 135 150 



Figure 2 Absorption spectrum of polycrystallinc PAA at different temperatures. 


to*25'’C. It can be seen that the distinct absorption lines seen at room 
temperature persist even at temperatures close to the crystal-nematic 
transition and that no marked pretransition effects arc manifested. In 
this respect as also regarding the features observed in the spectra as a 
function of temperature, the present results differ from those reported 
earlier^. 

3.2. Liquid crystalline and isotropic phases 

Figure 3 shows the spectra in the isotropic and liquid crystalline phases. 
Trace A shows the spectrum of the isotropic phase at 140® C, while traces 
B, C and J) show the spectra in the nematic phase at 131 ‘5, 120 and 

103*5® C, respectively. It should be noted that at 103*5° C, the nematic 
phase is supercooled. All four traces are characterized by one broad 
absorption band and a shoulder at 50 cm"*. It is of interest to note here 
that in case of p-azoxyphenetole also, a broad absorption band was 





Figure 4 The frequency at maximum absorption for the band shown in figure 3, 
as a function of temperature. The solid line is a smooth curve drawn 
through the experimental points. The arrow denotes the nematic- 
isotropic transition point. 


observed and it was attributed to the orientational vibrations of the 
molecule about its long axis^. The position of the band in dgure 3 was 
seen to exhibit a temperature dependence which is shown in figure 4. The 
data points correspond to the frequency at maximum absorption for each 
temperature and the solid line is a smooth curve drawn through the 
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experimental points. In the isotropic phase, owing to the more symmetric 
shape of the band, the position of maximum absorption could be estimated 
with better accuracy and was found to be 105 ± 2 cm-i. However, in the 
nematic phase the band is shallower and less symmetric, rendering the 
estimation somewhat more difficult. Hence, the frequencies indicated in 
figure 4 for the nematic phase are accurate to within ± 5 cm-*. Nonethe- 
less, the trend of the temperature dependence shown here was reproducible 
with different samples. Thus, it is of interest to consider the origin of 
this absorption band and inquire if the higher frequency of the band 
in the nematic phase is related to the orientational order obtaining in 
that phase. 

In this context, it is desirable to extend the study of the liquid 
crystalline phase with aligned samples and polarized radiation. It is also 
of interest to determine the symmetries of the modes observed in the 
crystalline phase, through polarization studies on single crystals. Such 
information should prove useful in understanding the external modes and 
intermolecular forces in PAA. We plan to pursue further studies related 
to these aspects in the near future. 
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DISCUSSION 

Khetrapal: You pointed out that Bukin et al. have carried out a theo- 
retical calculation of frequencies that predicts a band near 119 cm-”* and 
this is identified with the mode they observe at 115 cm-*. However, this 
mode is absent in your spectrum. Does this imply that you disagree with 
their calculation also ? 



174 


S Venugopalan 


Venugopalan ; It should be noted that other prominent bands of the room 
temperature spectrum observed previously*, agree fairly well with the pre- 
sent study. In view of this and the observed strength of absorption for 
the mode at ll5cm-> in the earlier work, we would have expected to 
observe that band also. In order to eliminate possible effects arising from the 
technique of sample preparation, we have used sieved powder, powder pressed 
into a thin disc as well as samples obtained by slow cooling from the 
isotropic phase. In all the cases, we have failed to observe the band at 
115 cm-‘. Regarding the empirical calculation of the frequencies by 
Bulkin ct ai t, I am not familar with the complete details of that work 
at present. 


• Bulkin B J and Lok W B 7. Phys, Chem. 77 326 ( 1973 ). 
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Abstract. Terephthal-bis-( 4-«-butylanilinc ) possesses one solid and 
five fluid phases, viz., smectic B, smectic C, smectic A, nematic and 
isotropic, upon heating. Raman spectral and difTerential scanning 
calorimetric data are presented for all observed phases The thermal 
evidence clearly indicates that the smectic C-smeciic A transition is of 
simple second order. The spectroscopic data suggests that the smectic B 
phase IS much more solid-likc in nature than that observed m other 
liquid crystalline phases. 


1. Introduction 

Previous investigations of liquid crystals have emphasized the importance 
of obtaining definitive data on the degrees of freedom available to the 
molecules in the various mesophases and their importance in determining 
the stability of a given phasc'*^ . Furthermore, phase transitions in 
smectic liquid crystals are not well understood. A mean field model for 
smectic A has been proposed by Kobayashi^ and, independently, by 
McMillan^ in which they predict the possibility of a second-order phase 
change for the smectic A-nematic transition. de Gennes^ has pointed 
o!it an analogy between smectic A liquid crystals and superconductors 
and, on this basis, predicts behavior similar to that observed at the super- 
conductor-normal metal phase transition. However, Cheung et al.^ indi- 
cate that the critical exponents involved are those for the A transition in 
Hc^, rather than for the superconductor. Again, in relation to the 
smectic C-smectic A transition, de Gennes*^ has suggested that the transi- 
tion is in many ways analogous to the superfluid-normal transition in 
liquid helium. It is possible that this transition could be of second 
order, and optical measurements by Taylor et al.^ and electron para- 
magnetic resonance data obtained by Gelerinter and Fryburg’ suggest that 
it may indeed be so in certain cases. 

The liquid crystal terephthal-bis- ( 4-/i-butylaniline ) ( TBBA ) is of 
special interest because it possesses five fluid phases : smectic B, smectic C, 

• Georgetown University. N.R.L. Research Associate 
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smectic A, nematic and isotropic. It thus provides an ideal system 
on which to carry out a comprehensive investigation of the structures of 
various mesophases. The inf^ormation gained from such a study will, 
hopefully, lead to a better understanding of the role of various degrees of 
molecular freedom in liquid crystal phase transformations. 

published work on TBBA, one by Taylor et al.^ reported that the 
tilt angle in the smectic C phase changes continuously with temperature 
until it vanishes at the smectic C-smectic A phase transition, thus sug- 
gesting that the transition is of second-order type. Current work on this 
material is part of an informal collaborative effort between Lambert and 
Doucet‘0 who have performed x-ray spectroscopic analysis of the material, 
Charvolin, who has recently completed an NMR study on it, and the 
present authors, wlio arc studying the material by means of Raman spect- 
roscopy and differential scanning calorimetry ( dsc ). Preliminary dsc work 
has been reported by Urbach and Billard‘* and Luz and Meiboom*^. 

Figure 1 is a pictorial representation of this molecule. One can see 
the large number of possibilities for intramolecular degrees of freedom, 
including both rotation of alkyl tails about the central core and rotation 
of the outer two benzene rings with respect to the center. 

The authors have initiated an attempt to use both microcalorimetry 
and Raman spectroscopy as probes to aid in determining the molecular 
environment existent in each observed phase. Preliminary results are 
reported in this work, along with some resultant self-consistent 
speculations. 






SIDE VIEW 
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MODEL OF TBBA MOLECULE 
WHITE ATOMS. CARBON 
BUCK ATOMS: NITROGEN 
HATCHED ATOMS. HYDROGEN 


Figure 1 Pictorial representation of TBBA. 
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2. Experimental 

Differential scanning microcalorimetry ( dsc ) 

Both partially deuterated and non-deuterated samples of TBBA were 
studied using the technique of dsc. The samples ( obtained from Jean 
Charvolin) were outgassed and then stored in an argon chamber. The 
argon was continually cycled over hot copper and through a molecular 
sieve to remove oxygen, water, and particulate matter. Sample pans were 
first weighed and placed into the chamber. Samples were then hermetic- 
ally sealed in the aluminium sample pans and subsequently removed from 
the chamber. The experiment was performed in a perkin-Elmer dsc II, 
capable of a resolution of 10“^ calories per second. 

Figure 2 shows the results for the calorimetric experiment. A large 
enthalpic ( A// ) change is observed in TBBA between the solid phase 



Figure 1 Dsc tracings of TBBA and deuterated TBBA ( TBBA-D ) with vertical axis 
proportional to Cp. (The nematic- Sm A and SmA-SmC transitions arc 
* shown enlarged by 20 in the top figure ; the values marked on the y-axis in 

the bottom figure are after multiplication by 10). 

Table 1. Transition temperatures and enthalpies of TBBA 


Compound 

Ti 

A^i* 

Ti 

A ^2 

Ty A Hi 

T4 

A//4 

Ts 

A Hi 

2H 

TBBA 

113°C 

4-34 

140°C 

0-90 

173°C — 

195°C 

0-07 

232°C 

0-18 

5-58 

TBBA* 

113*^0 

— 

142°C 

— 

169'’C — 

197°C 

— 

233°C 

— 

— 

TBBA2 


— 

144°C 


173'’C — 

200°C 

— 

236"C 

— 

— 

TBBA-D 

112°C 

3*89 

146°C 

1-07 

174^C — 

20 rc 

0-13 

238°C 

0-32 

5-42 


• Enthalpies given* in kilocalories-mole-i. 

' These : Etude aux rayons X dcs phases crystallines et mesomorphes du TBBA, Jean Doucet, 
Universitc Parh-Sud, Centre d’Orsay (1972), 

• T. Taylor, S. Arora and J, Fergason Vhys. Rev. Lett, 25 722 ( 1970), 
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(S) and the smectic B phase (B); a smaller, but still quite large lH 
appears between smectic B and smectic C (C), and a finite jump in the 
heat capacity ( C, ) but zero A// is observed between smectic C and 
smectic A ( A), clearly indicative of a simple second order phase transitoin*^ 
Such a simple type of higher-order phase transition has rarely been 
observed in nature, the superconductor-normal metal phase transition being 
the only other known example. The smectic A to nematic ( N ) phase 
transition is definitely not of second order in the Ehrenfest^i sense. How- 
ever, since it exihbits extremely large pre-transition effects (not related to 
the purity of the sample ), this transition may be similar to a A transition 
such as that seen from He II to He While the nature of this transi- 
tion is not entirely clear, it looks very similar to typical anomalous or 
diffusive first order transitions^^. The nematic to isotropic phase ( I ) transi- 
tion IS clearly first order, having a aH observed between the values for the 
smectic B and smectic C transitions. The partially deuterated TBBA 
( TBBA-D )( alkyl tails completely deuterated) scan exhibits significant 
differences from that of its isotropic partner TBBA. The first phase transition, 
solid to the first smectic phase occurs approximately at the same temperature 
as TBBA. Similarly, the B-C and C-A transition temperatures are nearly 
the same for TBBA and TBBA-D, whereas the A-N and N-I enthalpies 
are substantially different. This could be due to the importance of 
the tails in determining the stability of phases or due to differences in 
purity of the samples. 

Raman spectra 

Experimentally, the scattered light was viewed at 90®, dispersed with a 
Spex double monochromator and detected with an ITT FW 130 cooled 
photomultiplier and photon counting electronics. The exciting 5145A 
line of an argon ion laser was depolarized to minimize extraneous polari- 
zation effects. Our samples ( obtained from the Laboratoire de Physique 
dcs Solides, Orsay, France ) showed purity of better than 99*9% by dsc 
and were slightly yellow. The samples were contained in 0-8 mm capillary 
tubes situated in an inert atmosphere oven. Temperature was continuously 
monitored and was accurate to about 0*1® C. Fluctuations were less than 
0*05® C. 

Observations of the bands studied in this experiment were severely 
handicapped by the presence of fluorescence which appeared to increase 
with irradiation. This was especially severe at the higher temperatures. 
It was found that by first outgassing the samples under vacuum and then 
backfilling with dry Ni prior to the sealing of capillaries, this laser- 
induced degradation of TBBA was significantly decreased ( but not elimi- 
nated ). At higher temperatures, spectra were obtained by running several 
samples in different, but overlapping, spectral regions. 

As a result of the decomposition and fluorescence problems, a krypton 
laser was also employed. A different photomultiplier tube was also 
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used (RCA C3 1034) to obtain sensitivity to 900 nm. The 7552, 6764, 
6471 and 5309 A laser lines were used in the experiment with most of 
the work done with the 6471 A line. 

Spectra for TBBA in the 50-200 cm-* regions arc shown in figure 3 
for all observed phases in TBBA. The solid phase contains a large 

number of bands in the lower frequency region. 

The moderately low frequency spectra in figure 3 show only small 
changes between the solid phase and smectic B phase. The most notable 
changes are the deformation of the peak at 150 cm-' and the possible 
appearance of a peak at 180 cm-'. In smectic C, the 150 cm-' band 

almost disappears as does the peak at 180 cm-'. However, the structure 

at 100 cm-' is retained and quasi-elastic scattering has increased. 

Smectic A shows another increase in quasi-elastic scattering coupled 
with the loss of all features except for one shoulder that remains at 
80 cm-'. The nematic phase has still stronger elastic scattering with the 
80 cm-' shoulder retained. The isotropic phase exhibits a much lower 

quasi-elastic scattering and the shoulder at 80 cm-' has discontinuously 
disapperacd at the phase transition. 

Figure 4 depicts low frequency spectra obtained near the solid-smectic 
B phase transition and also in smectic C. A third monochromator was used 
to ensure the elimination of the spurious instrumental effects so common 
in this low frequency region. The solid phase exhibits a pronounced peak 
at 22 cm-'. This peak is also present, although somewhat broadened, in 
the smectic B phase. At the smectic B-smectic C transition point, this 
peak disappears. 



Figwe 3 


Raman spectra of TBBA (all phases), 50-200 cm“* region. Spectral resolu- 
tion is 1 cm~* (5145 A). 
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Figure 4 Raman spectra of TBBA : S, B and C phases, 10-50 cm * region. Spectral 
resolution is 0.5 cm"* (5145 A). 


The crystalline and smectic B spectra arc similar below 200 cm-*. 
Of particular interest is their similarity in the low frequency region 
(figures 3 and 4). This result is important since the modes in this 
frequency region are generally ’lattice* modes and, as such, are very 
sensitive to the local ordering and dynamics of the molecules. Thus, we 
may conclude from the spectra that the vibrational structure and dynamics 
of TBBA in the smectic B and crystalline phases arc remarkably similar. 
This result becomes even more clear when we compare it with what takes 
place at what should be a rather less abrupt smectic B-smectic C transi- 
tion. Now there are distinctive and marked differences between the two 
spectra. At very low frequencies, the 19 cm-* peak totally disappears in 
the smectic C phase. There are also drastic changes in the 50 to 200 cm-* 
region. The resulting smectic C spectrum is much more similar to those 
obtained in other smectic systems*^ in the same low frequency region. 
Indeed, we find it very similar to the spectra of the smectic A and nematic 
mesophases in TBBA. In the isotropic phase, all low frequency resonances 
disappear as expected and observed in other liquid crystal systems. 
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Figure 5 Raman spectra of TBBA and TBBA-D solid, 35-1700 cm“* region. Spectral 
resolution is 5 cm~' (6471 A). 


Figure 5 shows the Raman spectra of both TBBA and TBBA-D using 
the 6471 A i^^'Cr line. The peak at 150 cm-‘ for TBBA is now substan- 
tially smaller and was apparently enchanced by resonance effects in the 
5145 A experiment. Spectral studies at 5309 A> 6764 A> ^tnd 7552 A sub- 
stantiate this thesis. The spectra for the TBBA-D below 200 cm-* exhibit 
a substantial shift toward lower frequencies with much less defined peaks. 
This might be expected due to the slightly heavier weight of each molecule. 

• However, the amount of change between the two spectra is certainly 

substantial. The spectra between 200 and 900 cm-* show many changes 
between the deuterated and non-deuterated samples (figure 6), indicating 
as expected*^ that this frequency region can provide much information 
on the nature of the chain skeletal and C-H motions in the molecule. Of 
particular interest is the doublet observed in TBBA between 250 and 

300 cm- ^ This band may be associated with the accordion band discussed 

in previous Raman work^ The theoretical considerations discussed in this 
work would predict ( figure 7 ) a band for TBBA between 250 and 300 cm-*. 
The added mass of deuterates would cause the shift observed in these 
bands for TBBA-D (figure 6). 

prefiminary studies of the smectic B and smectic C phases in this 
region show dramatic changes of the bands in the 2(X) to 800 cm-* region. 
However, decomposition still remains a serious problem even for the 7552 A 
laser line. 
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Figure 6 Raman spectra of TBBA and TBBA-D solid, 200-1000 cm"* region. Spectral 
resolution is 2 cm"*. 



Figure 7 Curves of expected frequencies for accordion mode having two free ends, 
one fixed end, and the probable observed frequencies for this band in the 
alkoxy azoxy benzene series. 


The spectra in the 1550-1650 cm-i region were quite interesting 
(figure 8), The solid phase exhibits a strong peak at 1589 cm-*, with a 
small band at about 1625 cm-*. In the smectic B phase and in all higher 
temperature phases, the 1589 cm-* band substantially decreases while a new 
band appears at 1562 cm-* and the 1625 cm-* band strengthens as if two 
side bands had appeared. This region has been thought to be associated 
with the C-N*^ stretch and Schifif bases, and quite possibly the new bands 
are the result of a symmetry restriction being lifted in the fluid phases. 
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Raman spectra of TBBA, S, B, C phases, 
1550-1650 cm'* region. TBBA-D S phase. 
Spectral resolution is 2 cm"* 
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3. Discussion 

The Raman spectrum exhibited by smectic B with its well-defined peaks 
implies not only that the system can still sustain cooperative intermole- 
cular vibrations, but indeed that such modes are at least partially propa- 
gating in an ordered structure. Thus, in the smectic B phase, we may have 
a stacking of quasi-crystal line planes which retain to a large extent the 
ordering and rigidity of the crystalline phase. 

This conclusion is in very good agreement with recent x-ray work on 
TBBA‘® in which Bragg spots, characteristic of hexagonal coordination in 
the smectic planes, were observed. Such ordering is found to be of inter- 
mediate range, typically extending over 50 'unit cells*. This range is 
sufficient to yield the essentially ordered Raman scattering we observe in 
the smcctic B phase. In order to analyze more quantitatively the model for 
the behavior of TBBA, Raman data on monodomain samples are needed 
so that mode symmetries can be obtained from polarization analysis. In 
this respect, TBBA in its smectic B phase provides a most interesting 
system since it behaves — vibrationally — as a crystal even though it 
can be poured. In fact such systems can sustain shear modes only in 
determined directions. Thus, in a monodomain sample, it should be 
possible to observe drastic changes in a low frequency spectrum simply by 
varying the scattering geometry. An investigation of this type involving 
clastic constants*^ has been recently reported in a smectic A system, and 
wc arc presently pursuing this aspect of the problem involving optical 
modes. Wc arc also currently studying monodomain samples of TBBA 
via Raman spectroscopy. 

The data presently available, however, when coupled with the afore- 
mentioned x-ray work and with NMR rcsults‘7. i8 allow us to make sUmc 
reasonable speculations on the structural and dynamic behavior of TBBA. 
For instance, the NMR evidence suggests that molecular rotation without 
diffusion occurs in the smectic B phase. However, a free, liquid-likc 
rotation seems to be highly improbable since the average molecular 
separation is about equal to the molecular diameter. This, plus the fact 
that wc observe •phonon* modes indicative of mechanical coupling in the 
smcctic B phase, imply that the rotation should be collective, for instance 
like that of cogwheels in a gear mechanism. This •cogwheel-like* mode 
might possibly give rise to the broad peak at 19 cm-t in the Raman 
spectrum, and thus the mode would correspond to a relative rotation of 
the molecules about their axes in the crystalline phase. At the B to C 
transition, the molecules become truly free to diffuse and rotate, although 
some degree of coupling must remain as indicated by the presence of 
some residual structure in the low frequency scattering. Tne 19 cm~* 
peak has, however, disappeared and only the tail of strong quasi-elastic 
scattering is observed. This would be expected if the * cogwheel* mode 
is now diffusive. 
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The dsc results show at least two and perhaps three kinds of transi- 
tions. The solid~B, and the N-1 transition are definitely first order. 

The smectic C to smectic A is apparently a normal transition of the 
second kind, with only a A^p lo show the transition point. It is 
possible that the smectic A to nematic is a transition somewhere between 
the classical first and classical second phase transitions. However, the 
lack of any change in C, before or after the transition would strongly 
suggest that it is first order. The temperature changes observed for the 
deuterated samples, the increase in the intermediate phase transi- 

tions in the deuterated samples, coupled with the Raman and other 
optical investigations^, enable us to make some speculations on the nature 
of the structure of the various phases. 

At the solid to smectic B phase transition, planes might be allowed 
to move with respect to one another but substantial coupling between 
molecules probably still persists, thus permitting x ray data to show 
residual ordering in the third dimension. Some rotation may be allowed 
of the entire molecule or its parts in this phase, but if so, it is probably 
of the collective nature previously discussed. Alternatively a random 
dislocation on a millisecond time scale may occur. At the smectic B to 
smectic C phase transition, the coupling between the molecules might 
break, destroying any residual third-dimension order. This could explain 
the relatively large observed at this transition. If the tails of the 

TBBA molecule are fixed with respect to the ccntial core and the mole- 
cules are coupled in phase in a plane, the molecule will exhibit an 
apparent tilt with respect to the axis of the plane to x -ray and optical 
microscopy. This would be the case if the central cores were lined up 
at right angles to the planes. If, in the smectic C phase, some rotation 
becomes permitted, either for the entire molecule with respect to other 
mdlecules about the long axis, or perhaps rotation of the alkyl tails about 
the central core, then the apparent observed angle will be seen to decrease 
as a function of temperature following the increase in free volume. At 
some point there would be free rotation and a zero tilt angle would be 
observed. This could be the molecular basis for the transition of simple 
second kind observed by dsc for the C-A transition. Jt would also explain 
the optical microscopy*, EPR^ and x-ray‘® results. A variation of this 
speculation has been made on an a prion basis by McMillan*^ about 
smectic C. 

In the smectic A phase, more conformational freedom could be allowed 
as well as the break-up of the planes at the smectic A to nematic phase 
transition. This transition has been discussed by several authors^-^* 2 ® 
and a scepnd order transition has been predicted. However, this is not 
in agreement with our current experimental findings, that is, neither a A 
second order phase transition nor a simple second order transition occur 
between the smectic A to nematic phase transition as was previously 
observed between the smectic C to smectic A phase. 



186 


J M Schnur, J P Sheridan and M Fontana 


This model, although speculative, docs allow a basis for future 
experimental work and is consistent with previous experimental observa- 
tions. Future work is planned to ascertain the validity of the previous 
model. More definitive calorimetric work is being carried out on TBBA 
with selectively deuterated samples. In particular, only the tails will be 
dculerdted in order to determine the effect of simply changing the weight 
of the tails. If the model is correct, substantial changes should still be 
observed in the smectic C to smectic A transition and they may also 
affect the smectic A to nematic and nematic to isotropic while having 
much less effect on the lower two phase transitions. The use of isotopic 
carbon- 1 3 in the tails would also be advantageous to this work. Specific 
volume measurements will also be made. The accordion band of the alkyl 
tails will be more thoroughly investigated, using both selectively deuterated 
samples and members of the homologous series and its temperature 
dependence ascertained. Oriented monodomain low frequency Raman 
spectra will be obtained for the smectic B and solid phases. Temperature 
dependence of various bands will be obtained. NMRofTBBA substituted 
With various isotopes should be carried out in order to definitively 
determine the onset of rotation of the complete molecule and various 
parts of it. The effect of pressure on the transition points should be 
determined to help discover the nature of the various transitions. It may 
be that the C-A transition will be one of the few “real" transitions to 
obey the thermodynamic rules of a classical^^ simple second order 
transition since C, is a regular variable, i.e., does not approach a high 
or infinite value in the vicinity of the phase transition. 
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DISCUSSION 

Janik : The rotations could be studied by measuring Raman line profiles 
and applying the VV and VH method. 

Schnur: Such work is currently being carried out on monodomain samples 
in Parma at the Instituto di Fisica by Marco Fontana in collaboration 
with Dr. Sheridan and myself at N.R.L. 

de Vries: You explained that the gradual decrease in the smectic C phase 
of TBBA is due to a gradually increasing rotation around the long axis. 
This appears to be in conflict with a recent paper by McMillan and 
Meyer, who state that in smectic C the dipoles do not rotate but arc 
aligned, and a paper I have recently submitted which claims to prove that 
in a tilted phase the molecule cannot rotate. 

Schnur : There are two points in answer to your comment - 

1. The model that I suggested involved collective rotation in B-C phases 
and also another type, hindered ~ perhaps intramolecular - rotation in the 
C phase with increased torsional freedom as a function of temperature, the 
important one being the hindered rotation. 

2. Despite your theoretical considerations I must depend more heavily on 
experimental observations in order to make models hoping to approximate 
real systems. Thus the comprehensive NMR work by Luz and Meiboom*, 
unequivocally shows rotation in B phase. This also agrees with the work 
of Charvolin and the microwave experiment by Carr. All call for some 
type •f rotation. 

Carf : Are any of the rotations that exist in the nematic phase restricted 
in the smectic C? 

Schnur: I believe so. These may however involve intramolecular rota- 
tions. Such as the alkyl tail freely rotating about the central core - or 
perhaps free rotation can occur in parts of the alkyl tail causing confor- 
mational changes. Another possibility is free rotation of the two outer 
rings with respect to the centre ring. I do not know if microwave 
spectroscopy would detect diflferences between these varied types of 
rotation. 

Carr : The relaxation times that are associated with the dipole moments 
do not appear to change at transition temperatures between nematic and 
smectic phases. This indicates that the dipoles are not greatly affected. 

Demus : Which kind of calorimeter did you use ? 
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Schnur : Perkin Elmer DSC-2. 

Demus : In the case of transition entropies of 10 cal /mole deviations 
may be 100%. And I think it is very difficult to say Avhether a transition 
IS of first order or second order. 

Schnur: Wc were able to reproduce our results on ten separate samples. 
We never had more than 10% fluctuations in specific heat, 

Demus : An adiabatic calorimeter may be better. 

Schnur: I agree with you. 


• J, Chem, Fhys. 59 275 ( 1973 ). 
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Calorimetric investigation of liquid crystals 

D MARZOTKO and D DEMUS 

Sektion Chemie der Marlin-Luthcr-Universitat Hallc-Wittenbcrg 
402 Halle, German Democratic Republic. 

Abstract. The homologous series, di-n- alkyl 4, 4'-azoxycinnamatcs, di- 
w-alkyl 4, 4'-azoxy-a methylcinnamates, 2, 5 bis- [ 4-w-alkylphcnyl ]- 
pyrazines, 2, 5-bis-[ 4-n-alkoxyphenyl ] pyrazincs, di ;/ -alkyl 4, 4''-ter- 
phenyidicarboxylates, 4-//-alkoxybiphenylcarboxyIic acids, have been 
investigated by means of a Perkm-Elmer DSC IB Calorimeter. Some 
unexpected results have been found : a decreasing trend of the enthal- 
pies of the smectic- isotropic transition within one senes ; enthalpies of 
the smectic C- isotropic transition with higher values than the enthal- 
pies of melting m another series. 

The relations of the transition enthalpies with some specialities of 
molecular structure are shown. 

A review of the so far known values of the transition enthalpies in 
connection with the types of modification which participate in the 
transitions-is given. 


1. Introduction 

Calorimetry is a valuable method for the detection of phase transitions. 
It yields quantitative results, therefore, conclusions may be drawn concern- 
ing the nature of the phases which participate in the transitions. 

• 

Till now only few homologous senes of liquid crystalline substances 
have been investigated by calorimetry. We present the results of the 
inve!)tigation of 6 homologous scries which arc of special interest since 
they possess not only nematic phases, but also smectic modifications of 
different types. 

2. Experimental 

The transition enthalpies have been determined with a pcrkin-Elmcr 
Differential Scanning calorimeter DSC I-B. Calibration of the apparatus 
was performed using the tabulated heats of very pure indium, bismuth 
and tin. 

The errors of the enthalpy values consist mainly of the error in the 
reproducibility of the base line and the peaks and of the error in the 
determination of the area of the peaks by planimetry. Table 1 shows that 
the maximal error increases with decreasing enthalpy value. In some cases 
of smectic C-smectic A transitions with enthalpies about 10 to 50 calorics 
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Table 1. Maximal errors of transition enthalpies 


kcal/mol 

le 

re lative 

error 

4 


± 

1 % 

2 

4 

± 

2 % 

1 

2 

± 

3 % 

0-5 

1 

± 

5 % 

0.2 

0-5 

± 

10 % 

0-1 

0.2 

± 

25 % 

0*05 .... 

0.1 

± 

50 % 

0-01 

0.05 

± 

100 % 


the error may increase to 100%. Then the transition is observed only 
qualitatively with a possible upper limit of the enthalpy value. By repeated 
measurement on the same sample we could show that in most cases the 
deviations of the enthalpy were less than the maximal error. Only in the 
case of substances with very high transition temperatures greater deviations 
caused by decomposition of the substances have been observed. 

For comparison some compounds which had been investigated pre- 
viously by precision calorimetry*^"*® have been included in our work. 
The deviations in no case exceeded the values listed in table 1. 

The substances had already been used for other investigations and 
have been described elsewhere. 

We use the following units of measure and abbreviations : 

transition enthalpy A/f [kcal/mole] 

transition entropy a 5[ cal /mole, deg.] 

temperature t [°C] 

isotropic liquid I 

nematic liquid N 

cholesteric liquid crystal CH 

smectic liquid crystal 

of the type A, B, C etc. Sa, Sb, Sc etc. 

3. Results 

Di-v\-alkyl 4 , 4'-a2oxycinnamat€s 

We have investigated the members 2 to 12 and 16 of the scries of the 
di-n-alkyl~4, 4'-azoxycinnamatcs. The results are listed in table 2 and 
graphically shown in figure 1. 
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Table 2. Di-«-alkyl 4, 4 '-azoxycinnamates 
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^ d ) Transition not observed because of too small a value of transition enthalpy 
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As known from other homologous series the melting enthalpies increase 
with increasing chain length. Only the ethyl ester shows a deviation 
typical for initial members of homologous series* ^ By addition of the 
enthalpy of the transition solid II / solid I the member 7 fits well in the 
trend of the series. 

The enthalpies of the transition Sc/Sa have very low values and also 
show an increasing trend within the series. The smectic C-modification 
of the butyl ester has been reported earlier by texture observation 20 . 
Obviously the enthalpy of the transition to smectic A for this substance is 
too little to be detected by the DSC method. 

The enthalpies of the transition smectic A/isotropic lie in the expected 
limit between 1 and 3 kcal/mole. But the trend in the homologous series 
is completely unexpected : never before has been observed a decrease of 
clearing enthalpies with increasing chain length. 

A possible explanation for this behaviour is given in the summarizing 
discussion of this paper. 

Di-n-alkyl azoxy-ca-methylcinnamates 

The di-«-alkyl azoxy-a-mcthylcinnamates have already been investigated 
earlier by DTA** and two members by precision calorimetry*^. The DTA 
did not allow the observation of the transitions Sc/Sa, the enthalpies 
of the transitions Sa/N and N/I could be evaluated only as a sum of 
their values. Because of the overlapping of the transition peaks separate 
values were not obtainable. Most of the melting enthalpies (see figure 2, 
table 3) are in good accordance with the literature values. Only in some 
members of the series there are deviations. They can be explained by the 
fact that we have observed additional transitions in the solid state. In 
these cases the accordance with the literature values is better if we add 
the enthalpies of solid state transition and melting. The melting enthalpies 
show no regular trend within this series. 

The enthalpies of all other types of transition increase with increasing 
chain length. The transitions Sc / Sa possess very small values. For 
instance, the enthalpies of the transition N/I even for the lowest members 
are about ten times greater. 

2,5-bis-[ 4-n-alkylphenyl ] -pyrazines 

We have investigated the first 10 members of the series of the 2,5-bis- 
[4-/i-alkylphenyl ]-pyrazines (table 4, figure 3). The substances have been 
prepared by Schubert et al^^. The polymorphism of this series has been 
reported previously by texture and miscibility investigation^^. 

The first 2 members show anomalously high melting enthalpies com- 
pared with the higher members. A regular trend of the melting enthalpies 
is not observable. 
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top: transition temperatures; bottom: transition enthalpies 





Table 3 . Di-«-alkyl azoxy-«-methyIcinnamates 11,16.19,22 
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Figure 3 Di-»-alkylphenylpyrazinc8 

top ; transition temperatures; bottom : transition enthalpies 

All transition enthalpies lie in the expected limits. As usual, the 
enthalpies of the transition S^/N and N / 1 increase within the scries. 
Possibly the enthalpies of the transition Sc/Sa show a slight decreasing 
trend, but the maximal error ( see table 1 ) in this region does not allow 
an accurate statement of this fact. It is a little surprising that the clear- 
ing enthalpy ( Sc / 1 ) of the 9th member exceeds that of the lOth. 



Table 4. 2,5-Bis-[4-n-allcyIphenyl]-pyrazines 

C, Hi, ^ - C6 H 4 -C 4 Hi Ni C* H 4 - C, H 


Calorimetric investigation of liquid crystals 


o. 

o 


c 

o 


c 

o 


to 

<1 


255 

<J 


c 

2 


to 

<1 


< 


< 

CO 


to 

< 


<3 


o 

CO 


to 

<3 


< 


*0 


00 o 00 
0000 


00 VO ro VO 

O <N fNl fT) 

• • • • 

O O o O 


i i I I I 


I i I I I 


Os m 

I VO 6 -I* ^ , , , . 

^ O 00 OS ' ' 


, , , , VO sc 00 C 7 \ 

1 ■ * I • a • • I I 

O fN ro 


Os VO Os 

I I I , <N 

l • 1 I . • . . I j 


<N <N O O 

• I I I OS I I 

00 r- 00 00 


^ Os — - 00 ro 00 

I I I ^ ~ ^ ~ °f 

^ O O O o VO ^ 


ICi 2S 2! 2? 00 

, I J 00 O O O O ro Z 

O 6 o O o cs <N 


^ O O O ir> 

I I I VO fo r^i *0 00 ^ 

^ ^ r; i:: ^ ^ 


<NfSfOrnv-i<NrOcNr-.^ 


^JNoO»OOf^TfVp«OoO 
'^cSoofnrsiosfn’^dFooS 
ooso^w->’ 4 co '4 ro^vo 


OoOrororOi-^vovOoocN 


'HC>iro' 4 -«n<or>ooo«o 


197 



198 


D Marzotko and D Demus 




Figore 4 Di-n-alkoxyphcnylpyrazincs 

top : transition temperatures ; bottom ; transition enthalpies 


2t5-Bis-[ 4-Ti-^!koxyphenyl J-pyrazines 

Wc have investigated 10 members of the homologous series of the 2,5--bis-- 
1 4~n--alkoxyphcnyl J-pyrazines ( table 5, figure 4). The substances have 
been prepared by Schubert et al^^. The polymorphism of this series has 
been reported by microscopy and miscibility properties'^. 


Table 5. 2,5-Bis-[ 4-«-alkoxyphenyl ]-pyrazines 2^,25 
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also possess transitions in the solid state ; their 
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The melting enthalpies of the first 3 members are relatively high. The 
members 4 to 8 possess low melting enthalpies, which may be explained by 
the occurrence of additional transitions in the solid state. A regular trend 
is not observable. 

The enthalpies of the transitions Sc / N and N / 1 increase regularly 
with increasing chain length. It is noteworthy that the transition enthal- 
pies Sb/Sc possess uncommonly high values considering that it is as a 
smectic /smectic transition. This points to great structural differences 
between these types of phases. These enthalpy values decrease within the 
senes. This unusual behaviour is to be discussed later. 

Di-n-alkyl p-ter phenyl-4, 4''-dicarboxylates 

We have investigated the members 2 to 10 of the series of the di-n-alkyl 
/)~tcrphcnyl~4, 4''-dicarboxylates (table 6, figure 5). The substances have 
been prepared by Schubert ct al^'^. The polymorphism of the series has 
been established in former studies by microscopy, miscibility investiga- 
tions^^ and x-ray diffraction^®. This series is of special interest because 
we have found in it for the first time smectic E-modifications. 

The melting enthalpies increase with increasing chain length. If we 
add the enthalpy of the transition solid II /solid I of the member n = 2 to 
Its melting enthalpy, then the sum exceeds the melting enthalpy of the 
following member. This may be interpreted as the already mentioned 
exceptional characteristic of initial members of homologous senes. Alter- 
nation of the melting enthalpies is not found. 

The enthalpies of the transition Sa/I increase slightly within the 
series. Only the member w = 2 has relatively too large a value. Also, 
this behaviour indicates the exceptional properties of the initial member 
of the scries. 

The enthalpies of the transition Sc / Sa show, as expected, very low 
values. For the hexylester the enthalpy is so low that the transition could 
not be detected by the DSC, but only by texture observation^^^. 

The smectics E arc highly ordered states in comparison with smectic A^*. 
For this reason the relatively high transition enthalpy between these 
2 types is not unexpected. It is to be noticed that the value from the 
ethyl to the propyl ester decreases. The butyl ester does not possess an 
E-modification. We will discuss this behaviour later. 

4-^- Alkoxy-S'-subst. -biphenyl carboxylic acids 

We have investigated 4 members of the series with the 3'-substituent 
R as H and additionally, for the purpose of comparison, the hexadecyl 
derivatives with R =5 Cl, Br, NO 2 (table 7, figure 6). The substances have 
been prepared by the methods of Gray The liquid crystalline 
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Figure 5 Di-/i-alkyl terphenyldicarboxylatcs 

top: transition temperatures; bottom: transition enthalpies 

modifications of these compounds have already been classified by micros- 
copy and miscibility investigations ^**^2 

All compounds with R = H possess enantiotropic transitions in the 
solid state with remarkably large enthalpies. The clearing enthalpies are 
extraordinarily high, higher than the melting enthalpies, even if we add to 



Table 6. Di-n-alkyl p-terphenyl- 4 . 4 '-dicarboxylates 

C. Hj. . I OOC - C« H« - C« H 4 - Cs H 4 - COOC, H 2 
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Figure 6 /i-AIkoxy biphenyl carboxylic acids 

left: transition temperatures ; right: transition enthalpies 


Table 7. 4-/t-Alkoxy-3'-subst, -biphenyl carboxylic acids ^9-32 


C. H 2 . + 1 O-C6H4-C6H4-COOH 

I 

R 


n 

solid 

• R t 

transition 

AH AS 

12 

H 

84-5* 

8-54 

23-9 



161-4 

8-18 

18-8 

14 

H 

153-2« 

2-16 

5-1 



156-9 

4-56 

10-6 

15 

H 

138‘ 

2-88 

7-0 



156-5 

5-10 

11-9 

16 

H 

140» 

3-28 

7-9 



154-9 

5-32 

12-4 

16 

Cl 

117-5 

17-0 

43.5 

16 

Br 

122»> 

3-66 

9-2 



124-5 

14-3 

36-0 

16 

NO 2 

126-8 

19-76 

49-4 


transition 

Sc isotropic 

/ A// A5 


249 

8-06 

15-4 

244 

8-24 

15-9 

240 

9-16 

17-9 

241 

10-24 

19-9 

208 

3-70 

7-7 

202 

3-42 

7-2 


1 . 44 c 

3-I‘ 


(a) Transition solid II /solid I 

(b) Transition solid II/Sc 

(c) Stun of the values of the transitions Sc/Sd, Sp/SAt Sa/I 
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these the enthalpies of the transition in the solid state. They show an 
increasing trend within the series. 

In the compounds with substituents R = Cl, Br, NO 2 (see table 7) 
the melting enthalpies arc only slightly influenced. But the clearing tempe- 
ratures and the clearing enthalpies are dramatically decreased with 
increasing size of the substituents. It is to be assumed that this effect is 
due mainly to the stcric effect of the substituents. 

4. Discussion 

4.1. General remark 

It should be remarked generally that the discussion of instead of A^ 
makes very little difference. The variation of absolute transition tempe- 
rature is too small (even in extreme cases a ratio 1 : 2 is not exceeded) 
compared with the possible variation in transition enthalpies (variations 
of some orders of magnitude are possible). 

4.2. Trends of transition enthalpies in homologous series 

Melting enthalpies: The trend of the melting enthalpy in a homologous 
senes commonly does not follow a general rule. But the following peculi- 
aiities arc often to be observed : 

- The melting enthalpies of the initial one or two members of a series 
show unusually high values. The same kind of irregularity exists for 
the melting and clearing temperatures. The clearing temperatures of 
the higher homologucs alternate regularly, as is well known. The 
exceptional behaviour of the initial members is explained by the 
relatively great variation in the molecule by the addition of the 
first methyl group in comparison to the variation in the molecule by 
the addition of methylene groups in the higher homologues^^. The 
irregularity of the melting enthalpy may be caused by the same fact. 
It is to be expected also that the crystal structures of the initial 
members are different. This opinion is supported by the fact that 
these members often do not form mixed crystals, but in their phase 
diagrams there occur eutectics. 

- In some scries a regular trend is found only for several neighbouring 
members but not for the whole series. It is to be expected that, in 
these cases, only the members with a regular trend possess the same 
or very similar crystal structures. A regular trend may consist of 
alternating or increasing values of melting enthalpy. 

Sometimes enantiotropic transitions in the solid state are found. 
Commonly the melting enthalpies in these cases are relatively low and 
do not correspond to the values of the neighbouring members. Mostly 
a better correspondence is obtained if the enthalpy of the solid /solid 
transition is added to the melting enthalpy. 
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Enthalpies of the transition Nil : Commonly the clearing enthalpies and 
entropies of the nematic phases show alternating behaviour and an 
increasing trend with increasing chain length ***i»*-***5. 

The theory of Maier and Saupe^^ demands constant values for the 
order parameter at the clearing point and for and therefore cannot 
explain the strong alternation. It is known that successive members of a 
homologous series may exhibit an alternation in the order parameter^^ 
This fact can be explained by the molecular statistical theory of Chandra- 
sekhar et According to the few experimentally venfied examples 

the potential energy function of this theory seems to have alternating 
values in a homologous serics^^ Therefore the alternation of transition 
enthalpies may also be possibly explained by Chandrasekhar’s theory. 

The increasing trend of the clearing enthalpies of the higher members 
cannot be interpreted by the Maier-Saupe theory. This theory would 
suppose for such a behaviour increasing anisotropies of the polarizability. 
As is indicated by the decreasing clearing temperatures in most series, 
this is not the case. We assume that the tendency to form the smectic 
state, realized by the occurrence of cybotactic “ smectic ” groups in the 
nematic state, has a raising trend within a scries and causes increasing 
clearing enthalpies. The nearer the transition S / N to the clearing point, 
the more pronounced is the elevated value of the clearing enthalpy. 

The alternating and the increasing of the clearing enthalpies is shown 
in figure 7 for two well comparable series. The di-alkylazoxybenzenes* 
have clearing points between 32 and 71‘'C, the di-alkoxyazoxybenzcnes 
between 122 and 168° C. The comparison of these series yields some 
interesting results. The enthalpies for the lower clearing alkyl compounds 
are Tiighcr than those of the higher clearing alkoxy compounds, and the 
increasing trend is more pronounced at the alkyl derivatives. Without 
doubt the alkoxy compounds possess much higher anisotropies of the 
polarizability than the alkyl ones. But at the strongly elevated clearing 
temperatures their alkyl chains are to be assumed much less stretched than 
in the alkyl derivatives, for it is known that the content of rotation isomers 
in alkyl chains is temperature dependent^®. This fact has two consequences : 
Firstly, because of the higher volume of the compounds with a higher 
content of rotation isomers, the intermolecular distance is increased with 
raising alkyl chain and the intermolecular energy is diminished. The 
observed enhancement of the clearing enthalpies in this series probably is 
due to smectic short range order. Secondly, in the lower clearing series 
there is an increase of the anisotropy of the polarizability with growing 
alkyl chain, and this effect supports the increasing tendency of the clear- 
ing enthalpies caused mainly by the quasi smectic short range order. This 
opinion is strongly supported by the generally raising clearing temperatures 
in the alkyl series and the decreasing clearing temperatures in the alkoxy 
series ^ 
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0 CnH2r>«»^'N«N 



Figure 7 Enthalpies of transition N/I 

rnthalpies of the transition 5//; The clearing enthalpies of the smectic 
modifications in a homologous series generally exhibit an increasing trend. 
Arnold‘8 has tried to calculate increments of the clearing enthalpy for the 
addition of a methylene group and has found the value ^ ) = 

0*36 kcal/molc in the di-alkoxyazoxybcnzcnes. By comparison with other 
scries it becomes clear that this is not a generally valid increment. Indeed, 
in the di-alkylazoxycinnamatcs now we have even a series with decreas- 
ing clearing enthalpies which could yield only a negative increment. 
Figure 8 shows the clearing enthalpies of the di-alkylazoxycinnamates and 
azoxy-a-mcthylcinnamatcs, the former having a decreasing trend starting 
from higher values, the latter an increase. We explain this fact analogous 
to the behaviour of the nematics. The azoxy-a-mcthylcinnamates because 
of the lateral methyl group have less densities than the cinnamates 
relative to the same temperature^^. Therefore in the lower members the 
intermolecular energy of the a-methylcinnamates is weaker than for 
azoxycinnamates. Except the relative high clearing points of the lower 
members, the «-methylcinnamates possess clearing points below 100* C, - 
while the azoxycinnamates up to the highest members show clearing points 
above 130° C. Therefore for instance the undecyl ester of the azoxy-a- 
mcthylcinnamatcs has higher densities than the corresponding azoxycinna- 
mate and the relation of their clearing enthalpies is explainable. This 
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Figure 8 Enthalpies of the transition S^/I 

For /I = 2.3 : 0 = sum of S^/N + SJl 


trend in the scries may be supported by a faster decrease of the anisotropy 
of the polarizability in the azoxycinnamatcs. Although no molecular 
statistical theory of the smectic state is known it is to be assumed that 
th^ anisotropy of the polarizability plays a comparable role as for the 
nematic state. 

A remarkable decrease of the clearing enthalpies with growing lateral 
substituent is clearly to be seen in the case of the 3'-substituted 4'-alkoxy- 
biphenyl carboxylic acids (table 7). This fact supports the opinion 
explained above. 

Enthalpies of transitions within the liquid crystalline state: Generally the 
enthalpies of transitions within the liquid crystalline state show an increas- 
ing trend with growing alkyl chain 1 . 3 , 7 , 8 . 11 , 15 . 42 . But in some special 
cases we have found a decrease (e.g., transition Sb/Sc in table 5, transi- 
tion Sb/Sa in table 6; for some further examples see Marzotkoi^ 

We t]^ to give an interpretation for this behaviour. Figure 9 shows the 
temperature dependence of the free energies F of say, a low temperature 
modiOcation (curve 1) and high temperature modification (curve 2). The 
intersection point corresponds to the transition temperature. The slopes 
of the curves are : 
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The difference of eqs. ( 3) and (2) yields: 

(8f)pp, 

At the transition point we have: 



This means that the transition entropy or the transition enthalpy is 
measured by tlic difference of the slopes of the F-T curves. Modifications 
with similar properties and therefore similar temperature dependence of 
F give low transition enthalpies (“low relative stability compare curves 
2 and 3 in figure 9). In the case of greater differences in the temperature 
dependence of F also more pronounced transition enthalpies occur (“high 
relative stability”, compare curves 1 and 3 in figure 9). 

4.3. Energetic aspects of polymorphism 

By investigation of the miscibility properties Sackmann and Demus^® have 
classified the liquid crystalline modifications of a great number of sub- 
stances into one nematic or cholesteric and till now 7 smectic groups. The 
modifications of the different groups follow the rule of the temperature 
sequence. According to this rule the modifications occur only in the 
following sequence with rising temperature : 

Sg Sb Sc Sp Sa N 1 

Till now no substance with all these phases is known. The different 
variants of polymorphism arise by the lack of one or more of these phases 
In reality for instance, the following variants exist: 


Figure 9 Temperature dependence of free 
energies of different phases. 
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( * ) Se Sb Sa I 

{n Sb Sc Sa N I 

(y) Sc Sd Sa N I 

The rule of the temperature sequence of the liquid crystalline modifica- 
tions may be explained in terms of the fact that there occurs a stepwise 
decrease of the state of order at each transitions^. Therefore it is not to 
be expected that a less ordered state will change with rising temperature 
to a more ordered state. 

Each transition will be connected with a transition enthalpy. Suppose 
the magnitude of the steps from one state of order to another are not 
equal and depend on their place in the above-mentioned sequence, we 
should expect characteristic values of transition enthalpies for each type 
of transition. With the aid of figure 10 ( table 8 ) we are able to test this 
assumption. Figure 10 shows the limits of the enthalpies of, the respective 
transitions, observed in the bited literature. 



[kcal/mole] 


Figane 10 Eathalpies of transitions for different types of liquid crystals. 
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Ttble 8. 


Transition 

Number 
of cases 

Transition Enthalpy (kcal/mole) 

I) N/I 

202 

0-02 - 

2.30 

CH/I 

79 

0-02 - 

0-9 

Sa/I 

93 

0.7 - 

3*0 

Sc/I 

21 

2*4 - 

10*2 

So/l 

1 

2-5 


Sa/N 

65 

0-05- 

MO 

Sa/CH 

26 

0.1 - 

0*46 

Sb/N 

1 

2.11 


Sc/N 

17 

0-16 - 

2.30 

Sc/CH 

2 

0-5 - 

M 

Sb/Sa 

55 

0.1 - 

M 

Sb/Sc 

12 

0-44 - 

2.5 

Sc/Sa 

59 

<0.01 - 

0«66 

Sc/Sd 

2 

0*68 - 

1.0 

Sd/Sa 

1 

1.6 


Sb/Sa 

2 

1.49- 

1.88 

Sb/Sb 

28 

0.12 - 

0.44 

Sp/Sc 

3 

0.04 - 

0.12 

So/Sc 

1 

0.56 


Melting 

391 

1.7 - 

28 



References ( 1-14 ) 


Wc see that the melting enthalpy in most cases exceeds strongly the 
other transition enthalpies with the exception of only a very small number 
of Sc/I transitions. 

The N/I and CH/I transitions lie in the same region according to the 
fact that the torsion of a nematic phase to a cholesteric one demands 
only very small amounts of energy^*. 

The clearing enthalpies of Sa, Sc and Sp generally lie in a higher 
region than nematic clearing enthalpies, while the transitions S/N in several 
cases are very low. This is in good agreement with the higher order of 
the smectic state compared to the nematics. 

There arc some transitions with commonly extreme low enthalpies, namely 
Sc/Sa and Sp/Sc* For the Sc/Sa transitions the enthalpies in some cases 
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arc too little to be detected by the DSC 1-B. From x-ray investigations 
we know that the structures of these phases differ only very slightly 

Also transition enthalpies between the highly ordered smectic phases Sa 
and Sb have low values. But if high ordered smectic phases change to 
the relatively low ordered Sc or Sa phases, the corresponding enthalpies 
lie in a higher region, for instance Sb/Sa, Sb/Sc, Sb/Sa- 

As is to be seen clearly, the transition enthalpies of one kind of transi- 
tion may vary considerably. This variation depends on the molecular 
structure in general and especially on its position in the homologous series. 
Some of these connections between molecular structure and transition 
enthalpies have already been mentioned above. 

Considering all these facts we may say that calorimetry is a valuable help 
to detect polymorphism and can yield some clues to phase classification. 
But an exact classification on the basis of calorimetry alone is not 
possible. 

4.4. Transition enthalpies and density changes 

Till now only for a very limited number of substances have the density 
changes at the transitions been determined 35.3? (literature cited in ref. 38). 
As far as can be judged from these limited number of cases, we can say 
that transitions with high (or low) enthalpies show also high (or low) 
density changes. 
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DISCUSSION 

Stupe: Can the high transition enthalpies of 8-9 k cal /mole for the smec- 
tic C-isotropic liquid transitions in the 4-n-alkoxybiphenyl-carbolic acid 
series be due to a change in the degree of molecular association by hydro- 
gen bonds? What other reason would you suggest for the unueually large 
entropies ? 

Demos: By means of infrared spectroscopy we have investigated alkoxy- 
bcnzoic acids. There is no remarkable change of dissociation at the 
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clearing point. We believe that this should be the same for alkoxy- 
biphenyl carboxylic acids. Of course, there is a temperature dependence of 
dissociation, also in the mesomorphic state. This is indicated for instance 
by the anomalous temperature dependence of dielectric anisotropy, as we 
have found for some members of this homologous series. 

The high clearing enthalpy might be due to the large aromatic part of 
the double molecules which are comparable to quinquephenyl systems. 
This should not be due to a remarkable extent to dissociation effects, for 
in the case of 3 -substituted alkoxybiphenyl carboxylic acids we have 
the usual low values for the clearing enthalpies. 

Schnur: You have shown enthalpy of transition values for the smectic 
A-N transition. Are you positive that this transition is of first order? 
Could your experiment tell the difference between an anomalous first order 
transition and a A type second order phase transition ? 

Demus ; We have used the DSC method. This method yields A-curves 
also for melting of ordinary pure solids. Therefore this method docs not 
seem suitable for investigations concerning this kind of transition. But 
considering other facts, for instance the validity of Gibb’s phase rule, we 
believe that all transitions with liquid crystals so far investigated arc of 
the first order. 
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Magnetic properties of smectic mesophases 


H GASPAROUX, F HARDOUIN and M F ACHARD 
Ontre de Recherches Paul Pascal. University de Bordeaux I~Domaine 
Universitaire 33405 Talence (France) 

Abftract. After a description of the two experimental methods that 
we have used to determine the magnetic anisotropy AX of some smec- 
tic phases, we present and discuss the results obtained on two smectic A 
samples. First experiments concerning a smectic C material are alto 
reported. 


lotrodaction 

In the first part of this paper we describe briefly the two experimental 
techniques that we have used in order to obtain the magnetic properties 
of a smectic phase. The first is the Faraday method and the second is an 
adaptation of Krishnan’s flip angle method. 

We present and discuss in the second part, the results which charac- 
terize two different smectic A materials. In the last part we report a 
preliminary experiment on a smectic C which shows the possibility of our 
methods, 


1 Experimental techniqaes 

The magnetic properties of these materials have been investigated by 
two diflferent methods : both of them allow us to determine the diamagnetic 
anisotropy AX of a nematic or a smectic mesophase. 

1. Evaluation of the diamagnetic anisotropy (AX ) from a static magnetic 
susceptibility measurement using the faraday method 

We define Xu or Xx as the magnetic susceptibility measured in the 
direction parallel or perpendicular to the magnetic field. 

Solid and liquid states 

When the solid state is a raicrocrystallinc powder without any preferred 
orientation, the Xn value is identical to the mean magnetic susceptibility 
X of the material. If the considered solid is magnetically isotropic, the 
Xii values ( that is to say the experimental value in the Faraday method ) 
which characterize the solid and the liquid phases are not only identical 
but equal to the mean magnetic susceptibility X. 
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Nematic and smectic phases 

The macroscopic magnetic anisotropy, /.e.. AX = Xn - Xi, can be easily 
deduced from the Xu measurement since it is known that 

AX - KXii - X) (if AX >0) 

This quantity is proportional to the order parameter of the considered 
phase. The experimental set-up currently used and the interpretation of 
the measurements have been previously described for different studies 
concerning the cholesteric and the nematic mesophases*-^ 

2. Direct magnetic anisotropy determination of mesophases 
Nematic phases 

The theoretical study of the molecular motion induced in nematic 
phase by a rotating magnetic field has been developed already^. We want 
only to recall that the analysis of the variation in the moment transmitted 
to the cup, which depends on the frequency oj of the rotated magnetic 
field H,, can furnish an evaluation of the magnetic anisotropy. 

At each rotational frequency o) a stationary state occurs and for a 
critical frequency defined as the maximum value of the transmitted 
moment, it can be written that 

5? = i A X 

where V is the sample volume and M is the magnetic moment. 

We have shown^ that the experimental value of AX deduced from this 
method is always about 15 to 20% lower than the real AX value; we have 
explained the reasons for such an under-evaluation. Besides it must be 
pointed out that it is a good method for the determination of the twist 
viscosity yy in a nematic phase** 

Smectic phases 

The behaviour of the smectic phases that we have investigated does 
not resemble that of the nematic phases. We have found for example that 
the Smectic A phases behave as single crystals in the presence of a strong 
enough magnetic field. The sample presents a single domain which 
perfectly follows the magnetic field rotation with an increasing phase 
difference due to the mechanical torque of the quartz wire suspension. 

The crystal orientation in the field is adjusted so that the largest 
algebric susceptibility in the plane of rotation lies in the direction of the 
field. If the magnet is turned through an angle a, the crystal will turn 
through a smaller ang-le If the magnet rotation is continued, when 
a - ^ 7 r /4 the crystal will suddenly flip around to a new equilibrium 

position. The usual name of this method is : ** Krishnan*s flip-angle 
method 
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Following the standard procedure we can obtain the diamagnetic 
anisotropy AX the sample by the relation : 

(AX)t = ( ci - ) m-» 

(AXr.r)T (a„, - 

AXref : magnetic anisotropy of the reference 

a : critical angle for the sample 

a„f : critical angle for the reference 

m : weight 

This measurement, though not absolute, is very accurate, the relative 
accuracy being about 0»1%. The experimental set-up that we have used 
is similar to that described in a previous publication^ but the magnetic 
field strength was increased to 21 kgauss by using an electro-magnet. 


11 Magnetic properties of the smectic A phases 

1. Determination of X\\ ctnd AX by the faraday method 

Magnetic properties of p~cyano benzilidene-p'octyl oxyaniline (cbooa) 

In figure 1 are presented the Xu values for a large temperature range 
which covers the solid smectic, nematic and liquid phases*. Cooling in 



FIgvre 1 Thermal variation of the magnetic susceptibility of p-cyano-benzilidcne- 
p'-octyl-oxyanilinc (CBOOA) 
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the presence of the magnetic field allows us to get a well ordered smectic 
phase, completely transparent, which presents a large supercooling tempe- 
rature range. It might be possible however that the order could be 
improved by application of a stronger and more homogeneous magnetic 
field as we will show later. Such a situation is precluded by the Faraday 
method because a large magnetic field gradient is necessary. 

If the cooling down from the isotropic phase is done without the 
magnetic field several defects appear at the nematic-smectic A transition 
which arc responsible for the slight increase of Xn at this transition. 
Finally if after the magnetic susceptibility determination of the solid, the 
thermal variation of Xu is observed for an increasing temperature, the 
determined order of the smectic phase is never good. It is necessary to 
go up to the Sa“N transition to obtain an orientation induced by the 
magnetic field. 

From the experimental curve ( figure 1 ), obtained when the tempera- 
ture is going down from the liquid state in the presence of the magnetic 
field, we have established the thermal variation of the diamagnetic aniso- 
tropy Ax (figure 2). 

This result shows that, when the temperature of this material decreases, 
the order parameter increases continuously in the nematic and smectic 
states ; there is no discontinuity through N -♦ Sa transition since this 
is a second order transition*. 

Magnetic properties of p-octyloxybenzoate p'-pentylbenzenb 

The temperature range where the smectic A phase exists is very small 
( 56«2~56*5°C ) but it can be largely extended by supercooling. In such 
experimental conditions the liquid crystal is smectic A between 44°C and 
56«5°C. The thermal variation of Xii and AX have been investigated 
(figures 3 and 4). It must be noted that the curve Xii = f (T) (sec 
figure 3 ) exhibits a discontinuity at the nematic-smectic A transition even 
when the magnetic field is applied during the overall cooling process 



Figwt 2 Thermal variation of the diamagnetic anisotropy of CBOOA. 
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Figure 3 Thermal variation of the magnetic susceptibility of p-octyloxybcnzoatc* 
p -pentyl benzene. 



Figure 4 Thermal variation of the diamagnetic anisotropy of p-octyloxybenzoate- 
p'-pentylbenzenc. 


This discontinuity is, again, found on the curve AX =* ( T ) ( see figure 4 ) 

and gives supplementary argument for a transition of the first order type 
as it has been shown for some other compounds, 

2. AX direct determination in the smectic phase. 

As previously explained* the determination of AX Ihc nematic phase 
furnishes an incorrect evaluation of this quantity ; we report therefore 
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Figure 5 Direct measurement of diamagnetic anisotropy in the Smectic A phase of 
CBOOA. 



Figure 6 Direct measurement of diamagnetic anisotropy in the Smectic A phase* of 
the p-octyl-oxybcnzoalc-p'-pcntylbcnzene. 


the results obtained in the smectic phase only. In figure 5 the results 
obtained in CBOOA sample by using Krishnan’s critical angle method are 
reported. Similar experiments done with the p-octyloxybenzoate-p'- 
pentylbenzene arc summarized in figure 6. 

3. Analysis and discussion of the experimental data 
Comparison between the two experimental methods 

By comparing on one hand figures 3 and 5 and on the other figures 4 
and 6 we ascertain that the thermal variation curves of AX are very 
similar whatever the experimental method used. It is necessary to 
emphasize however that the experimental values got from Krishnan’s 
method arc about 5 to 7% higher than those determined by Faraday’s 
method. 
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Two reasons might be proposed to explain this discrepancy : 

The magnetic field strength used for the direct determination of AX 
(H —9*5 kgauss ) is stronger than the one applied in the Faraday method 
( H = 5 to 7 kgauss ). 

Furthermore, only in Krishnan’s method the magnetic field applied 
to the sample is homogeneous. These two remarks allow us to explain 
the fact that the measured diamagnetic anisotropy is larger when the 
second method is used (figures 5 and 6). In such experimental conditions 
the magnetically induced orientation of the molecules is more effective 
than in the Faraday’s method. 

Variation of the order parameter in the neighbourhood of the second 

ORDER TRANSITION N 

To account for such a transition, a theory has been recently proposed 
by Kobayashi^ and McMillan*® independently; this is a microscopic model 
which starts from an interaction potential between the molecules. By this 
way two order parameters are introduced, the first one indicating the 
orientational order and the second one the translational order <j . For 
a smectic A phase the diamagnetic anisotropy AX is proportional to the 
orientational order parameter 

Our experimental results obtained in CBOOA sample arc in good agree- 
ment with McMillan’s theory which predicts a continuous variation of ^ 
through a transition Sa N. It must be noted that with our experimental 
accuracy we do not detect any slope discontinuity at the transition tempe- 
rature as it has been shown recently by Cabanne and Clark** who have 
investigated the same material by nuclear quadrupolc resonance. A further 
investigation of the curve AX = ^ (T) determined from high magnetic 
ficTd measurements might allow us to clear up this point. 

As proposed by Cabanne and Clark** for CBOOA a similar discussion 
can be carried out for the present result. The existence of a quasi second 
order transition Sa N in CBOOA has already been shown in other 
materials by several methods^' 12-14 • tjjjs is a confirmation of de Gennes’ 
prediction*^ Our study shows however that in agreement with other 
observations, it seems difficult to generalize it to all Sa N transitions. 

in study of smectic C phases 

We only report our first results and the difficulties that we have met 
during these experiments. The material that we have studied is bis~(4~n 
decyloxybjinzal )- 2 chloro-1, 4-phenylenediaminc (DOBCP). 

1. AX nnd xii measurements with the Faraday balance 

In figure 7 the thermal variation of Xii *s presented. Unlike the smectic A 
materials cooling in the presence of the magnetic field docs not allow us 
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a 

DOBCP C^j,0-{^C-N-^N-C-®-0 



Figure 7 Thermal variation of the magnetic susceptibility of bis- (4'-n decyloxy- 
benzal) 2 chloro-1 ,4-phenylencdiaminc (DOBCP). 



Figure 8 Thermal variation of the diamagnetic anisotropy in the nematic phase of 
DOBCP. 

to get a well ordered smectic C phase. We can however observe that the 
application of a magnetic field does improve the order. 

Whether a magnetic field is applied or not, there appear several defects 
at the nematic-smectic C transition ; it is only possible to give a variation 
of Ax in the nematic domain (figure 8), but the same evaluation in the 
smectic C phase cannot be done. 
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As already shown by Wise et it is necessary to have a magnetic 
field greater than 10 kG to obtain a good orientation in this material. 

2. Measurements of ax hy rotating field method 

If the sample is slowly cooled in the presence of a magnetic field 
greater than 14 kG the molecular director will remain parallel to the 
field in the smectic C phase as shown by Wise et But such a 

preparation does not lead to a single crystal with the smectic layers 
parallel throughout the sample. As illustrated by these authors “the only 
constraint on the smectic C layers is that they arc formed such that the 
molecules within them are tilted at the same common angle The planes 
can have an infinite number of directions about the magnetic field 
direction. The interpretation of the rotating field method used for 
smectic A samples is not adequate : we are attempting to develop a model 
to explain the behaviour of a smectic C sample in a rotating field. As a 
first step, we plan to prepare a single monodomain in order to make a 
AX determination by the classical method as we have used for the study 
of smectic A. 

In conclusion we can say that it is possible to make diamagnetic 
anisotropy measurements on smectic A samples either by Faraday’s method 
or by the rotating magnetic field method. In this last method the smectic 
A phase behaves like a single crystal. However in the case of smectic C 
phase the interpretation of magnetic measurements is not so straightforward ; 
our first results do not allow us to make a good ax determination for 
such phases. 
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DISCUSSION 

Leslie : When measuring the difference between the susceptibilities of a 
nematic using a rotating magnetic field, you assume that the angle between 
the field and the anisotropic axis attains the theoretically predicted maxi- 
mum of 45°. Would it be possible to confirm this by some means? 

Gasparoux : We have not attempted to verify this. I think that it is 
perhaps possible to find an answer to your question by optical obser- 
vation. 

Blrendra Bahadur : What are the relative and absolute accuracies in your 
measurements ? 

Gasparoux : In the Faraday method the accuracies are respectively 1% and 
3% and in the rotating magnetic field method the accuracies are approxi- 
mately of the order of 0*1% and 1%. 
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Abstract. The Frccdencksz transition associated with a twist distortion 
in a nematic liquid crystal cannot be detected optically when viewed 
along the twist axis. Because of this difficulty, there have not been any 
direct determinations of the twist elastic constant Aji as a function of 
temperature except for the well-known studies of Freedcricksz and 
Tsvetkov who used a total internal reflexion technique. 

Optical theory shows that an important parameter in determining the 
behaviour of such a medium is the ratio of the retardation (= 11 : A«/X, 
where Aw is the birefringence of the untwisted medium) to the twist 
per unit length. For light propagation along the twist axis, A^ is large 
and It can be shown that with the usual experimental geometry in which 
the director is anchored to the walls at either end, the twist docs not 
reveal itself in transmitted light. On the other hand, when A« is small 
the optical properties of the medium are very sensitive to distortions. 
To reduce the cfTcctive A«, observations were made in a direction in- 
clined at a large angle to the twist axis. The Freedericksz transition 
could then be detected easily. 

Experimental values of A:,, determined by this method arc presented 
for a few compounds. The critical divergence of An m the vicinity of the 
smectic A-nematic transition point m p-cyanobenzylidene-/?' octyloxy- 
aniline has been studied and is discussed in the light of de Gennes’s 
theory. 


Introduction 

There has been considerable interest of late in the measurement of the 
elastic constants of nematic liquid crystals as it is recognised that short 
range order has a profound influence on the magnitudes of some of these 
constants. In simple nematics, the clastic constants can be related directly 
to the long range orientational order parameter by using the mean field 
approximation** 2, 3 . the ratios of the elastic constants should then be 
essentially temperature independent. This is in fact found to be nearly 
so for /^-azoxyanisolc and / 7 -azoxyphenetoIc^. But if the short range order 
is sensitive to temperature, as is the case in a nematic which exhibits a 
smectic phase at lower temperatures, the ratio of the bend to the splay 
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constants varies considerably in the nematic range^*^. This effect is parti- 
cularly pronounced when the smectic A-nematic transition is quasi-second 
order. The bend and twist constants are then expected to increase rapidly 
as the temperature approaches the smectic A-nematic point^*^, whereas the 
splay constant is expected to show normal behaviour throughout. Direct 
measurements of the bend and splay constants have confirmed these 
conclusions*'^. 


A simple and direct method of determining the elastic constants is to 
measure the critical field corresponding to the Freedericksz transition*®**' : 


TT ^ 


where x, is the thickness of the sample, Ax is the anisotropy of the 
volume magnetic susceptibility of the medium. By using a suitable optical 
arrangement for detecting the deformation, the splay and bend constants, 
A:ii i*nd /c33, have been determined by this technique* ***2. However, under 
normal conditions of observation this method is not suitable for determin- 
ing the twist constant kn for reasons which will be discussed below. 


The usual experimental geometry for producing twist is shown in 
figure \a. The maximum deformation 9, takes place in the mid-plane 
and at a field H slightly above 

If the error in determining is not to exceed about 1%, the maxi- 
mum value of 9,:r0«2 raidans. Now, consider thin sections of the deformed 
medium parallel to the glass plates, each section being of thickness lO"’ cm. 
If = 20 X 10"^ cm, then, as a rough order of magnitude, the average 




(0) (b) 

Figure 1 The geometry of the experimental set up for observing twist deformation. 

( a ) the conventional geometry and ( b ) the present set up. The magnetic 
field H is perpendicular to the plane of the paper in both cases. 
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twist per layer ~ 2 x 10“5 rad. If the birefringence of the nematic 
is 0*2, the phase retardation y between the ordinary and the extraordinary 
rays per layer at 2 x lO-^, so that yjp 10^. Optical thcory^^-^^ shows 
that under these circumstances the normal waves are linearly polarized, and 
that the directions of polarization rotate with the director. This behaviour 
can be readily appreciated in terms of the Poincare sphere (figure 2a). 


L L 




Figure 2 Illustration on the Poincare sphere of the propagation of linearly polarized 
light through the sample corresponding to (a) the set up in Figure 1 a 
and (b) that in figure 1 b. Changes in the state of polarization of the 
light beam arc traced as follows : The point on the equator representing 
linearly polarized incident light is rotated in the proper sense through an 
angle T about the equatorial axis corresponding to the azimuth of the 
• first birefringent layer. This operation is repeated for the next layer 

where longitude is greater by 2p compared to that of the previous layer 
and so on. 


If the incident light beam is linearly polarized along the director axis of 
the first section, we can see that the polarization state of the beam 
remains very close to the equator as it traverses the medium, i.e., the 
light beam remains linearly polarized, and that the director is ‘dragging’ 
the polarization state along with it. Thus with the usual experimental 
geometry in which the director is anchored to the walls at either end, the 
state of polarization of the emergent beam is exactly the same as for 
the untwisted medium, and the twist deformation cannot be detected 
optically. 

Because of this diffieulty, Freedericksz and Tsvetkov*^ employed a 
total internal reflection technique using a beam incident at a suitable angle 
on the specimen contained between a convex lens and a prism. More 
recently, following a suggestion by de Gennes, Cladis*’ has made use of 
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the rotation of the conoscopic interference figure when the specimen 
gets deformed. Other methods which have been investigated are : 

by studying the light scattering in an appropriate geometry** 

by producing a cholesteric using a chiralic impurity and then untwist- 
ing the sample using an external field*’ 

by determining the threshold field for a twisted nematic, the field 
being parallel to the twist axis (in this case, one needs to know the 
other two elastic constants^o ; however, it should be pointed out that 
the y I ^ problem discussed earlier will be important in this case 
also. ) 

by observing the rotation in the electrohydrodynamic flow pattern 
under the action of an external magnetic fieid*^. 

However, none of these methods has been widely employed because of 
various difficulties inherent in each of them. We shall now discuss a 
simple technique which can be used with the sample taken in the usual 
configuration. 


The Method 

In order to be able to detect the twist deformation in transmitted light 
with the configuration shown in figure la, y j has to be small, say about 
4 or 5. Obviously, ^ can never be large near the threshold field, but it 
can be increased to some extent by applying very high fields. However, 
even with the highest fields normally attainable ( 2:1 25 kG ) there will not 
be sufficient sensitivity to measure the deformation. An alternative method 
is to reduce the effective y by viewing the index ellipsoid obliquely, say 
at ~ 5® to the director. In such a case the extraordinary index is given 
by the well-known equation^* 


1 sin^ 0 cos^ 0 



where 0 is the angle between the director and the direction of observation 
which should be in the plane containing the director and the normal to 
the glass plates. Under these circumstances, y / ^ is reduced to 4 or 5 
even though the effective layer thickness is increased because of the 
obliquity. The effect of this on the polarization state of the emerging 
beam is to introduce an additional large phase difference between the 
ordinary and extraordinary rays as will be clear from figure 2 b. The 
deformation can therefore be easily detected by optical methods. 
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Experimental arrangement 

The specimen was contained between two flat polished glass plates, the rim 
of which was cut and polished at an oblique angle to avoid refraction 
effects at the glass-air interface (figure 1 ^). Standard mylar spacers, or 
at higher temperatures, mica spacers were used. The actual thickness of 
the sample was always measured by means of a channelled spectrum obtained 
by focussing white light on an air gap left deliberately unfilled for this 
purpose. The sandwich was mounted in a massive copper block which 
had a groove at the proper angle. The block in turn was slid inside 
an electrically heatable oven which itself was evacuated and filled with 
nitrogen during the experiment. The temperature was controlled by heat- 
ing the oven with a stabilized DC supply and could be measured to 

± 0*02® C by means of a coppcr-constantan thermocouple. The orientation 
of the sample was ensured by a previous rubbing of the glass plates. For 
the Freedericksz transition to occur, the director must be truly oriented 
at 90° to the external field. Even a small deviation of the order of 1-2° will 
give a long tail at lower fields and there is no critical field*. In order to 
ensure this exact al'gnment, the whole oven was mounted on a specially 
constructed platform whose alignment with respect to the field could be 
adjusted to an accuracy of 1-2' of arc. Further, the platform itself rested 
on levelling screws so that the alignment of the sample could be varied 
in every possible manner. When the sample is aligned at exactly 90°, 

there should be no particular preference for the lilt of the director one 
way or the other in the field. Hence walls are formed in the field of 

view. The sample orientation was achieved by fixing the field at a value 

higher than the critical field and adjusting the alignment till the maximum 
number of threads could be observed. 

The magnetic field was measured using a Hall-probe fluxmeter which 
waft calibrated against an NMR unit. The accuracy of the field measure- 
ment was ^ 1 — 2%. The observations were made using sodium light. The 
specimen was observed through a low power microscope and a well- 
aligned area was selected for observations. The incident beam was polarized 
at 45° to the vertical. The emergent beam passed through a A/4 plate 
whose principal axes were at 45° to the vertical and then through an 
analyser which could be rotated. The deformation was detected visually. 
The critical field was taken to be the lowest field which when switched 
off did not produce any change in the field of view. 


Results 

( a ) p-Azoxyanisole ( PA A ) : 

This is ene of the few compounds for which the anisotropy of volume 
susceptibility AX has been measured in the nematic rangers. tA value 

*Seet for instance, the calculations by Papoular and Rapini** which bring out this 
effect. 
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of AX were taken from the recent measurements of Gasparoux et The 

density data of Maicr and Saupe^^ were used in the calculations. The 
results are shown in figure 3. Our values are somewhat lower (by 6-8%) 
compared to the data of Freedericksz and Tsvetkov*^ as recalculated by 
Saupe‘* mainly because the AX values that we have used are lower than 
those of Focx23 which were used by Saupe. When one allows for this 
difference, the agreement between the two sets of data is quite good. 


( b ) p-AzoxyphenetoIe ( PAP ) : 

No susceptibility data are available for this compound. However, since 
the anisotropy of magnetic susceptibility arises essentially from the aroma- 
tic rings, we assumed that the molar susceptibility of PAA and PAP are 
the same. Using the values of the order parameter^® and density^^, we 
have calculated the twist elastic constant. The results are shown in 
figure 3. The only other measurement for this compound is that due to 



T-Tc 

Fiaare 3 The twist elastic constants of PAA and PAP fersus the relative temperature. 

Squares, circles and triangles represent independent measurements on 
different samples. 
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the Orsay groups* carried out by dissolving a small quantity of a chiralic 
impurity and untwisting the mixture by means of a magnetic field. Again 
our measured value at that temperature is lower, but as we do not know 
the value of AX used in the earlier measurement, we merely point out 
that the Orsay measurement at one temperature on PAA also yielded a 
value higher than that reported by Saupe. 

The ratio of k 2 i values of PAP and PAA agree approximately with 
the theoretical ratio given in our earlier paper. However the ratio is not 
independent of temperature but decreases somewhat at lower temperature 
(from 1«6 near to ^ I *4 near r,-30 ). Further the ratio is lower than 
that found in the case of k\\ (1-8-2-0), which exhibits a maximum at 
a few degrees below T,. 

( c ) ^-p-Cyanobenzylidene-p-n-octyloxyaniline ( CBOOA ) 

This is an interesting compound as it exhibits both the smectic A and 
nematic phases. The smectic A-nematic transition has generally been 
assumed to be second order — no heat of transformation could be detected 
within experimental limits. However, the recent investigation by Cladis on 
a highly purified specimen shows that this may not be truc'"^. Moreover, 
from theoretical considerations Halperin and Lubensky^^ have claimed that 
this transformation should be at least weakly first order. 

de Gennes® has drawn an analogy between this transition and the 
superconductor - normal transition and has suggested that the pre-transi- 
tional increase in kii and k^z should follow the relation 

• 

where A^ is the excess value of the elastic coefficient and ^ the coherence 
length of the smectic-like regions, and is the hypothetical second 

order phase transition point if the transition is weakly first order, or the 
actual transition point itself if it is truly second order. The mean field 
value for y is 0*5, but de Gennes argued that the behaviour might not 
correspond to the mean field description and in such a case y = 0*66. 
Following this suggestion, there have been several measurements of the 
bend elastic constant®*^ which have been claimed to agree with the latter 
result. The only determination of the twist elastic constant of CBOOA 
has been that of Durand et al.^^ who studied the light scattering and they 
too obtained the result y = 0«65, However, recently Cladis has measured 

of CBOOA with varying amounts of dissolved impurity and by using a 
least square analysis of the data. She has shown that y » 0-5 for CBOOA 
and increases to 1 as the impurity content increases. 

We have determined the bend and twist clastic constants of CBOOA 
( figures 4 and 5 ). The smectic-nematic transition point of our sample was 
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(83° C. ) (The purest sample used by Cladis had a transition temperature of 
83*4® C). The bend constant was studied with a homeotropically aligned 
sample and the twist kii with a homogeneously aligned sample using 
the technique described earlier. We may express kn in the form 

kii = CiS2+ C2 {T - (1) 

where C\ is the pure nematic contribution, S is the order parameter 

and Cl, C 2 are con^tants. A similar relation holds good in the case of 
kn- We took the order parameter from the NMR measurements of 
Cabanc and Clark-^o. The mass susceptibility of CBOOA have been 
reported recently^* but since the density data are not yet known, they could 
not be converted to volume susceptibility. Therefore, in actual calcula- 
tions we used the relation A X «= 5. A graphical procedure for deter- 
mining y has been employed by a number of investigators but since the relia- 
bility of this procedure is doubtful, we used a least squares fitting programme 
which involved scanning the transition temperature and treating the other 
three constants as free parameters. Ideally, one should have an indepen- 
dent estimate of the pure-nematic contribution, /. e., the value of the 
coefficient Ci. However, since there is no method of estimating this, we 
treated Ci also as a free parameter. Figure 6 shows the minimum in 
r.m.s. error as a function of Tan- The computations yielded 


yik^i) - 0*55 
rikii) - 0-54 



Figure 4 Bend elastic constant of CBOOA versus the relative temperature ( T- 
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The experiment on ki 2 was repealed on a commercial sample of CBOOA 
(Eastman Kodak). The A-N transition point was 82*7°C, and the value 
of y for two independent sets of measurements found to be 0«52and 0*49. 
However it was observed that C 2 was significantly less for this material 



Figure 5 Twist elastic constant of CBOOA the relative temperature ( T- ) 



Figure 6 Least squares analysis of data using eq. ( 1 ) : RMS error versus 
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suggesting that impurities do influence the short range order effects. Thus 
our preliminary values of the critical exponents for both elastic constants 
arc closer to the mean field value and in fair agreement with the recent 
measurements of Cladis*^. It therefore appears reasonable to conclude 
that the mean field description of this transition is valid in the present 
case. 


Twist viscosity 

It is in principle possible to estimate the twist viscosity coefficient yj 
using the present set-up. If we have a small twist deformation and 
switch off the magnetic field suddenly, the deformation relaxes to zero with 
a characteristic time constant t given by 


Hence t is a measure of yi. Theoretically, it has been suggested*^ 
that the excess viscosity due to fluctuations of the smectic-order parameter 
should show a divergence as ( T - Jan while 

Hence we should expect 

Toc(r-r;N)®''' 

i.e., the relaxation time should decrease near the nematic-smectic A point. 
The relaxation time was estimated by switching off a field H sa \ ^l JF/. 
and then noting the time taken for the sample to return to the undistor- 
ted state. It was observed that the relaxation time initially increased as 
the temperature was lowered, and very near Tanj if decreased in value. 
This is in agreement with the expected trend. 
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DISCUSSION 

Rustichelli : What is the minimum twist that you could measure ? 

Madhusudana: We estimated that a twist angle of 1/5 radian could be 
detected for a typical sample thickness of 20^. This is at the middle 
of the specimen where the deformation is maximum. In other words a 
twist per unit length of 0-02 radian per micron could be detected. 

Mishra : Cladis’s value of the critical exponent is 0*5. Can you comment 
on that ? 

Madhusudana : Cladis has made a detailed study of the value of Y as a 
function of the purity of the sample. She finds that Y is 0*5 for very 
pure samples and goes up to 1 when impurities are added. 

de Gennes : I am very sorry that the theory came first. I think that 
some of the earlier work, that of the Harvard group and also that of the 
Orsay group, has been influenced by the theoretical work. You might 
have smectics which obey the mean field and this would give y « 4 as 

Cladis says, and you might have smectics which are helium-like which 

would give 2/3. There may be further complications like what Lubensky 
is studying in which the fluctuations of the director may be reduced 
and can act on the system as radiation pressure would act on super- 
conductors and can change the nature of the transition. The force or 

pressure required for the formation of the layers of the ordered state is 
singular and it has not been taken into account by any of the theories. 
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Abstract. The possible development of stable density oscillations in 
the form of a structured liquid-vapour density transition at the sur- 
face of simple liquids has been proposed and the thermodynamic 
consequences for the surface tension discussed. The principal effect 
on the surface tension-temperature characteristic is that just beyond 
the triple point certain systems should show a surface tension which 
increases with temperature : moreover, such behaviour has been observed 
experimentally. We now extend the treatment to include the orienta- 
tional contributions to the surface excess quantities for a nematic 
liquid crystal. It is found that the possibility exists both for the 
development of positive slopes and discontinuities in the surface 
tension-temperature characteristic. We find that the slope dyl dT 
is determined as a competition between orientational order and 
spatial disorder which develops at the liquid surface. Should the 
situation corresponding to highly ordered orientational states occur, 
the Y( 7") characteristic will show a positive slope, although with 
increasing temperature and spatial delocalisation of the liquid surface 
the usual monotonic decreasing function will be regained. Again, 
discontinuities in the slope and absolute value of the T( T) charac- 
teristic would be expected with the discontinuous variation of the 
order parameter at the nematic-isotropic transition temperature. 


Introduction 

The complete specification of the structural features of the liquid-vapour 
transition zone at the surface of a nematic liquid crystal involves both the 
spatial and the orientational distributions. In the case of simple liquids, 
the structural features of the density transition have been calculated, and 
the one and two particle distributions determined. It has been shown* that 
under certain circumstances stable density oscillations in the transition 
profile may develop in the vicinity of the liquid surface, and these relatively 
ordered states have a profound effect on the principal excess thermodynamic 
functions of the free surface, in particular the surface tension y(T). 

It ma^ be quite easily shown that the gradient of the y{T) characteristic 
is related to the excess entropy per unit area developed at the liquid surface 
as follows : 

dy/dr j « -( 5'^ - ) 
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where the subscripts a and p refer to surface and bulk states respectively. 
Thus we see that should the situation < Sp arise, corresponding to 
relatively ordered surface states, then the p(T) characteristic may actually 
show a positive slope. Of course, such a situation if it is to occur is only 
likely to be observed at temperatures just above the triple point : thermal 
delocalisation of the liquid surface with increasing temperature will 
inevitably result in a progressive disordering and the usual monotonic 
decreasing form of y(T) will be regained corresponding to Sp < 
Systems exhibiting the stable oscillatory density profile are most likely to be 
found amongst the liquid metals, and indeed White^ has shown that 
provided care is taken to ensure that a truly equilibrium measurement of 
y( D is made, then such positive slopes are observed and are particularly 
pronounced in the case of Zn, Cu and Cd. By equilibrium measurement is 
meant that there should be no net efflux of particles from the liquid surface, 
or that the chemical potential should be constant across the surface. This 
is achieved in practice by ensuring that the liquid is in equilibrium with 
its own vapour. This point is crucial with regard to the observation of 
positive slopes and as we shall see, the indications are that the y(T) 
characteristics for liquid crystals arc likely to show such positive regions 
over limited temperature ranges. It is clear then that from an experimental 
standpoint such precautions are essential. 


Theory 

It would be fair to say that for simple systems the current theoretical 
position regarding the one and two particle distribution functions is 
controversial, li is not appropriate to sustain the controversy here, except 
to say that the controversy centres primarily on the form of the single 
particle distribution function g(i) (z) which describes the spatial distribution 
of the centres of gravity of the particles. In consequence the positive slope 

to the y(T) function, depending as it docs on the development of low 

entropy (/.e., oscillatory) surface stales, is equally controversial. The 
current theoretical situation is reviewed elsewhere^ and for present purposes 
we shall assume an uncontroversial profile of the form shown in figure 1 . 
Stable density oscillations are unlikely to develop in the case of nematic 

liquid crystal systems although such a situation may arise in the surface 

states of smectic compounds. 

We enquire as to what contribution the orientational features at the 
surface of the assembly are likely to make to the y(T) characteristic. 

We assume a short range anisotropic intermolecualr pair interaction of 
the form^ 


(rij, cos fln) - - exp ( -rnlr^)^ (} cos^ ^12 - i) 


( 1 ) 
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where m is the separation of the centres of mass of the molecules, 612 is 
the relative orientation of their long axes, and To is a constant molecular 
length. In the bulk liquid we may assume a single particle potential in 
the mean field approximation 

( cos 01 ) = - ( 5 cos^ 01 - i )>) ( 2 ) 

where <po is a constant, and 0i is the orientation of the respresentative 
molecule relative to the mean local orientational order whose measure is 



Fieare 1 Schematic variation of the single particle distribution of molecular centres 
(i). the potential of mean force Y(z), and its gradient VY(r)lkT in 
the vicinity of the liquid surface. 


givM by IJ. Clearly, the single particle potential at the liquid surface will 
be modified both by the structural delocalisation across the transition zone, 
and by the development of a surface field whose effect we assume will be 
to impress an orienting torque on the surface molecules. The former effect 
serves to diminish the local order, whilst the latter will enhance it. Notice 
that no specification of the orientation of molecules relative to the surface 
is yet made : we do not, however, generally anticipate that surface tension 
is likely to be isotropic’. In the case of simple spherical molecules, the 
first effect is discussed in terms of a spatial decoupling of the interaction' 
between a representative molecule and its neighbours. The single particle 
potential (2 a) is now modified in the vicinity of the surface to read 

01 (zi» cos Oi ) " — 0« ( { cos* 6i— (2i) 

The single particle potential of mean force 'P (^) •* related by the 
Boltzmann relation to the single particle distribution g<i) (z) as 


- txp I -'V(.z)lkT] 
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so that serves to ‘switch off’ or decouple the interaction across the 

transition zone. A convenient model decoupling potential is then quite 
simply [exp ( -'^(z)jkT) - I] which we take to describe the spatial 
modification of the single particle potential as the centre of gravity passes 
through the collective field in the transition zone. The surface //c/^/ may 
then be taken as (figure 1) and we propose a local associated 

orientational model potential [ 1 - exp ( - cVYC r )1/A:r], where c is a 
constant governing the strength and range of the orienting torque. We 
therefore finally arrive at the following single particle potential (seeeq. 2^): 

01 (ri, cos 01 ) - -0^( 3 cos^ 0, - i) I >)-e^ [exp (~ )--l 1 

+ e.[l-exp I (3) 

where and e, are coefficients which are to be determined. In particular 

we observe that the factor in the brackets || represents an effective order 

parameter, spatially dependent upon z and appropriate to the liquid surface. 
Now we may write 


</'! (Zi, cos 0,) - / f't' tz ( '’IZ ' CO*' 6 12 > g(i) ( Z2, COS 0 ; )dz d z 
ff gti) ( Z2, cos 02 ) dz d z' 


where the integrals range over all positions z and orientations z of molecule 
2 , and where g(„ (72, cos 02) - exp [ - </>2 ( ij, cos % 2 )lkT]. From ( 4 ) 
and ( 1 ) it follows that 

1) - < S C0S2 

^(i)(2); (5) 


< l-p ( - -.US ».■ - 4) > ^ ^ ^ 


and these may be determined self-consistently. It may be shown quite 
easily that ( z ) -> i; as - oo , i^e., *?(r) attains its asymptotic bulk 
value. It is now straightforward, using the standard statistical thermo- 
dynamic relations to write down expressions for the surface excess entropy 
per unit area (--dy/dT) developed at the liquid surface : 




where = ( z, ij ) = j exp ( ( 2 cos^e - 4)1 d ( cos 0 ) 

0 

1 

S ( ^. v. « 0 , «! ) “ I exp [ ( -^ ) { IJ - *0 ( exp ( - ^ ) - 1 ) 

0 

+ *1 [ 1 - exp ( - I (|cosi0-4)]d(cos 0) (8) 

In the absence of an accurate and explicit knowledge of the single particle 
distribution gd^iz) we can only examine the formal aspects of equation 
(8). Analogous expressions for the surface excess free energy per unit area 
[ -= y {T)] may be written down quite easily : for present purposes, however, 
we jieed only consider the temperature derivative given above. 

Discussion 

As we observed earlier, the surface tension would not, in general, be 
expected to be isotropic. That is, we would generally expect the surface 
tension to depend upon the orientation of the molecules at the surface’, 
and this in itself may show a weak temperature dependence. We assume, 
however, that in specifying the effective order parameter ^{z) we specify 
only the degree of local order : details of the precise surface orientation 
will be implicitly coritained in the spatial distribution of molecular 
centres g aAz). 

In figure 2 we give a schematic indication of how the effective order 
parameter may vary with temperature. At low temperatures, just beyond 
the crystal-nematic point, the spatial delocalisation may be sufficiently low 
and the surface orientational field correspondingly high such that there is 
a net enhancement of the order parameter over its bulk value. Under 
these circumstances careful consideration of (1) or (7) shows that initially 
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at least, the v{T) characteristic should actually show a positive slope. 
Of course, with increasing spatial delocalisation of the surface and the 
corresponding relaxation of the surface field the usual monotonic decreasing 
function of tempciature is regained. With the discontinuous variation of 
the bulk order parameter tj with temperature we see from (7) that we 
would expect a discontinuity of slope at the transition temperature. Consi- 
deration of the expression for the absolute value of y{T), not given here, 
would lead us to anticipate a discontinuity in y also. These features are 
shown in figure 2. It is also poss.ble that with the catastrophic variation 



Figure 2f'aj Schematic variation of the effective order parameter in the vicinity of 
the nematic liquid crystal surface. At low temperatures there is a net 
surface enhancement of the local orientational order attributed to surface 
field effects overcoming spatial dclocalizational disorder. With increasing 
temperature the balance is reversed, and progressive spatial and surface 
field relaxation results on a surface depression of the local order parameter. 
With the catastrophic bulk variation of tq ai the transition temperature, a 
weak surface residuum may persist for a short thermal range beyond the 
transition. 



Figure Schematic variation of the bulk and surface entropy curves with tempera- 
ture on the basis of the behaviour of 2 , T). 
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Figure Schematic variation of the Tf characteristic on the basis of equations 
(1) and (8). 


of iy->0 at the transition temperature, the weak surface field may establish 
a small residuum of orientational order at the isotropic liquid surface over 
a short thermal range. In this case, a second positive region to the Y (7) 
characteristic may be observed. This feature is also indicated in figure 2. 

One further possibility is the thermally retarded surface enhancement 
of the order parameter ( figure 3 ). In this case the surfiice orientational 
order is sufficient to offset the spatial disorder of the molecular distribution 
of centers, and rj(z) is depressed at the surface with respect to the bulk 
value. A monotonic decreasing r (T) characteristic is of course obtained. In 
the vicinity of the transition temperature, however, the bulk value of rj 
may have decreased sufficiently just prior to the transition that a surface 



Figure Schematic variation of the effective order parameter "tlfz) in the vicinity of 
the nematic liquid crystal surface. Whilst at low temperatures there is a 
net depression of the surface value of "^(z), the bulk value of the order 
parameter becomes sufficiently low just prior to the transition that an 
effective surface enhancement develops. Since positive slopes in the y(T) 
characteristic depend only upon the relative values of the bulk and surface 
entropies per unit area, it is clear that an increase in T may be anticipated 
immediately before the nematic-isotropic transition. 
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Figure Schematic variation of the bulk and surface entropy curves with temperature 
on the basis of the behaviour of 11 ( 2 ^ 7 ), 



Figure Schematic variation of the 7 ( 7 ) characteristic on the basis of equations 
(1) and (7). 

enhancement of 17 ( 2 ) is eventually achieved. This requires the rate of 
surface entropy production to be slower than that of the bulk, where 
surface entropy production develops with temperature subject to the surface 
field const^’aint. Under these circumstances then, we should expect a 
positive slope to immediately precede the transition to an isotropic system 
(figure 3). Of course, the discontinuity of slope and absolute value of 
the y (T) characteristic would occur as before. 

It is not being suggested that any one system is likely to develop all 
these features, but attention is drawn to features of the 7 (T) characteris- 
tics which may develop in principle, and which careful equilibrium experi- 
mentation may reveal. Most of the features described above, except for the 
positive slope immediately after the melting transition, have been observed^. 
The possibility exists of enhancing or suppressing certain features of the 
y (T) characteristic by means of electric or magnetic fields whose effect 
would be to enhance or depress the value of the effective order parameter 
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at the liquid crystal surface. We emphasize once again that the post- 
melting positive slope in liquid metal systems was not observed experiment- 
ally until stringent precautions were taken to ensure liquid-vapour equili- 
brium across the transition zone, and that similar precautions in the case 
of liquid crystal measurements are essential bearing in mind the complicated 
form of the y {T) characteristic. 
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DISCUSSION 

Nityananda : You emphasized that a net efflux of molecules could destroy 
surface order. This efflux is of the same order as the unidirectional influx 
and efflux which occur even for an equilibrium surface. Why is it that 
they do not destroy surface order? 

Croxton: Quite clearly, for the measurement of an equilibrium thermo- 
dynamic parameter the physical conditions appropriate to thermodynamic and 
mechanical stability must apply. For a free liquid surface continuity of 
normal (perpendicular) pressure and of chemical potential across the liquid 
vapour density transition specifies the equilibrium and stability of the surface. 
Unless the liquid surface is in equilibrium with its vapour, the condition 
on the chemical potential is not satisfied. The equilibrium structure of 
the transition zone is then established in a statistical sense, and perhaps the 
analogy with two travelling waves moving in opposite directions yet speci- 
fying a standing wave might give some indication of the mechanism. This 
effect has, in fact, been observed directly in the course of molecular 
dynamic machine simulation of a free liquid argon surface*. White? has 
dramatically demonstrated the effect of non-equilibrium on the form of the 
y(T) characteristic, and it is quite clear that a net transport of particles 
from the liquid surface has a disruptive effect on whatever structural 
features there are in the transition zone. 


• Croxton C A and Perrier R P /. Phys. C 4 1909 ( 1971 ) ; 4 1921 ( 1971 ) ; 4 2433 
( 1971 ) ; 4 2447 ( 1971 ). 

t White DWG Trans. Metall. Soc. AIME 236 796 ( 1966 ) ; Croxton C A Liquid state 
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Jahnig: If I understood you correctly, you did not take into account 
the boundary condition for the orientation of the molecules at the surface 
of the nematic. But this boundary condition should be important and may 
give an additional temperature dependence. 

Croxton : Certainly the surface tension will be sensitively dependent upon 
the orientation of the molecular axes with respect to the free surface • : 
we do not propose that y is isotropic or independent of the molecular 
orientation. In specifying an effective order parameter ^{z) we merely 
specify the net degree of local order, irrespective of the particular orien- 
tation. It may be that the orientation does vary with temperature, but 
this temperature dependence is not incorporated in J) in this deve- 
lopment : indeed it is difficult to see how it could be. We assume that 
the single particle distribution of molecular centres g(i)( 2 ) in fact con- 
tains the information relating to the particular molecular orientation. 
Certainly we would anticipate different forms of transition profile for a 
system whose molecules are in one case aligned parallel, and in the other 
aligned perpendicular to the surface. If there is any thermal variation of 
the orientation of the molecular axes with temperature, and what evidence 
there is suggests that such temperature dependence is very weak, then this 
would be incorporated in g(i)f z^T ) which, of course, already exhibits a 
pronounced spatial relaxation with increasing temperature. 

de Gennes : The data recorded by White are on the metal zinc. In what 
sense arc we sure that the statistical effects you describe cannot be related 
to electronic effects which are quite specific with metals ? 

Croxton : I think the statistical structure of the surface is not specific to 
metals but more to geometric exclusion effects, simply because these 
effects can be reproduced with nothing more sophisticated than hard sphcics. 
For example, if we consider ball bearings packed in a gravitational field 
and shake them down, then along the free surface nothing but the geometry 
will generate 2 or 3 atomic layers. Again if we consider ball bearings in 
a rectangular tray filled up to a reasonably high density so that geometric 
effects can assert themselves then all round the boundary we will get two 
or three layers. This is obviously because of the constraint of the bound ary. 

This, in principle, is no different from what we have in liquids. Here 
the surface molecules are compacted and this is responsible for the 
structural effects. One need not invoke any electronic effects. 


Chandrasekhar S Mol. Cryst. 2 71 ( 1966 ). 
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Abstract. Equilibrium measurements of surface tension have been 
carried out on p-anisaldazine and p-azoxyanisole in the nematic and 
isotropic phases using the pendant drop method. The drop was 
completely enclosed in a chamber filled with inert atmosphere and 
maintained at all times in equilibrium with its saturated vapour. The 
surface tension-temperature characteristic shows a marked anomaly 
for both compounds ; the slope in the nematic phase is initially 
negative and then reverses sign as the temperature approaches the 
nematic-isotropic transition point. For p-anisaldazine the slope 
again becomes negative immediately after the transition whereas for 
/^-azoxyanisole the positive slope extends for a few degrees in the 
isotropic phase before changing sign at higher temperatures. The 
observed features are in qualitative agreement with the theoretical 
predictions of Croxton and Chandrasekhar. 


Introduction 

The experimental data available on the surface tension of nematic liquid 
crystals are meagre and rather conflicting. Ferguson and Kennedy* found 
for^ all the three nematic compounds they studied, viz., p-azoxyanisole 
( PAA ), p-azoxyphenetole and p-anisaldazine, that the slope of the surface 
tension-temperature (y-T) characteristic was initially negative but reversed 
sign as the temperature approached the nematic-isotropic transition point 
( Je ). Naggiar^ obtained for PAA a monotonically decreasing function 
throughout the nematic range. The values of Schwartz and Moseley* as 
well as those of Gorskii and Sakevich^ for PAA also showed a decreasing 
trend except that the y values obtained by the former had a tendency to 
be constant very near T^. 

However, none of these measurements were carried out under equili- 
brium conditions. Recent studies on the surface tension of liquid metals* 
have demonstrated the importance of having the liquid in equilibrium 
with its saturated vapour so that there is no net flux of atoms across the 
liquid-vapour interface. The y-T characteristic determined under these 
conditions showed an inversion which was completely missed in all previ- 
ous non-equilibrium measurements. Therefore, it was evident that an 
equilibrium experiment is essential for obtaining the true form of the y-T 
characteristic of the liquid crystal. 
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The surface tension of a nematic liquid crystal is expected to be 
strongly dependent on the alignment of the molecules at the free surface^. 
Since the molecular orientation is highly influenced by wall cflfects care 
had to be taken that measurements are not cflfectcd by the orienting influ- 
ence of the solid surface in contact with the liquid crystal. This was a 
major factor to be considered in the choice of the experimental technique. 
After examining various possibilities, it was decided to use the pendant 
drop method which is known to be suitable for viscous liquids’. This 
method has several advantages: 

( 1 ) Only a very small fiaction of the total surface area of drop is in 
direct contact with the solid surface and the results are independent 
on the angle of contact. 

(ii) It is a static method so that the viscous drag of liquid does not 
play any part. 

(ill) The approach to hydrodynamic equilibrium is rapid, which is an 
important point to be borne in mind for viscous liquids. 

Andreas et al.^ have shown that the surface tension y can be calculated 
from the pendant drop profile by y == g p dmaxlM where g is the acceleration 
due to gravity, p the density, dj^ax is the maximum diameter of the drop 
and II IS a correction factor which depends on the shape of the drop. 
7 he shape can be characterized by a ratio S = d, /dma*, d, being the 
diameter of the drop measured at a height equal to clmux from the vertex. 
Andreas et al. obtained a table of 1/// vs. S from measurements on 
various pendant drops of conductivity water whose surface tension is 
accurately known. Later more accurate tables have been compiled by 
numerical solutions of the fundamental difTcrenlial equation which exactly 
governs the shape of the pendant drop acted upon by gravitational and 
surface energy forces. Ryong-Joon Roe et al.^ made a further improve- 
ment whereby the attainment of hydrodynamic equilibrium can be verified. 
This IS done by measuring the diameters of the pendant drop at several 
heights instead of only two. Tables required for the determination of 
1/// from the dififcrent characteristic ratios of the drop diameters have 
also been computed by these authors. By ascertaining the constancy of 
I/// values obtained from the different ratios, the attainment of equili- 
brium is confirmed and the accuracy of the results improved. We have 
used for our calculations of y, this method by Ryong-Joon Roe et al. 


Experimental 

A drop of the liquid crystal was formed at the tip of a thm uniform 
capillary lube. The tip was ground so that it was free from any irregula- 
rities. The upper end of the tube was connected through a rubber tube 
to a hypodermic syringe. The drop size could be controlled by a fine 
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adjusting screw attached to the piston of the syringe. The lower portion 
of the capillary was completely enclosed in an air-tight thermostatic cham- 
ber. The top portion of the lube was enclosed in another heater with 
independent temperature controlling facility. The main chamber had two 
optically flat glass windows to allow the drop to be photographed. In 
order to prevent the vapour from condensing on glass, two additional side 
heaters were provided which could bring the windows to the same tempe- 
rature as that at the centre of the chamber. 

During the experiment the drop was in an atmosphere of nitrogen and 
was maintained at all times in equilibrium with its saturated vapour. To 
have a steady drop the entire sytem had to be at the same tcmpeiaturc, 
for even a gradient of less than 0*25® C between the top and bottom 
portions of the capillary tube was enough to push the drop completely into 
or out of the tube. Before taking the photograph at any temperature, it 
was visually checked that the drop was stationary for at least 15 min. A 
parallel beam of light from a mercury lamp was made to fall on the drop 
and focussed by a suitable lens system onto the focal plane of the camera. 
It was checked beforehand that the photographic system did not introduce 
any distortion, A green filter was used to avoid chromatic aberraiion 
effects. The temperature of the drop was measured using chromel-aluincl 
thermocouple, the junction being kept close to the drop. As a preliminary 
check of the experimental set up, measurements were made on puie water 
and the values obtained at different temperatures agreed to within 1-5% 
with the reported values. 


Results and discussion 

• 

p-anisaldazine : Experiments were first done on anisaldazine. The nematic- 
isotropic transition temperature of the sample was 182*2® C which appears 
to be the highest reported for this compound. Measurements were repeated 
using capillary tubes of different sizes and the values were found to be 
quite consistent. The y-T characteristic obtained from the photographs of 
a single drop at different temperatures is shown in figure 1. We see that 
initially y decreases with increase of temperature. But as is approached, 
the slope changes and y reaches a maximum at 182* 1®C, which was the 
temperature closest to at which measurements could be made. Above 
r,, y starts decreasing again, rapidly at first and then more gradually at 
higher temperatures. 

p-azoxyanisole ( PAA ) : Measurements were also made on PA A 
( r, = 135«2* C ). The y-T curve is shown in figure 2. Here again y 
shows a decreasing trend at lower temperatures, but starts increasing near 
r,. A special feature here is that y continues to increase in the isotropic 
phase reaching a maximum at 139 • 3* C after which it decreases again. 
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Figure 1 Surface tension of p-anisaldazine in the nematic and isotropic phases. 



Figure 2 Surface tension of p-azoxyanisole in the nematic and isotropic phase. 


Tbc observed features of the y-T characteristic of both compounds arc 
in qualitative agreement with the theory of Croxton and Chandrasekhar*®. 
There is evidence that in PAA the molecules arc almost parallel to the 
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free surface^' and that the orientation is practically independent of tem- 
perature in the nematic range. The surface orientation in anisaldazinc is 
not known. In order to investigate the dependence of y on molecular 
alignment at the free surface experiments are underway subjecting the drop 
to external fields. 
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DISCUSSION 

Billard : What method are you using to control the chemical purity of 
yoiy samples ? 

Shashidhar : The compounds were purified by several recrystallisations 

and the purity checked by measuring the nematic-isotropic transition 
temperature. However, it appears that the purity of sample does not 
critically affect the shape of the y -T curve. For instance, with anisal- 
dazine the measurements were first made on a sample having = 181 • 5® C 
and subsequently on a purer sample having = 182*2®C (which appears 
to be the highest reported for this compound), but the y -T characteristic 
had essentially the same features in both cases. 

Kaal : The error involved in using a flat capillary should be taken into 
account because the contact surface area varies with the drop size, in the 
case of a flat capillary. Would not it be better to use a capillary with 
the outer ^^lls tapered? 

Shashidhar : It may be better to use a capillary tube with a sharp edge 
as suggested by you, though I feel it is unlikely to make much difference 
as fsfr as the surface tension-temperature characteristic is concerned. 

9 
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Leslie; Do you know the orientation of the anisotropic axis at the surface 
of the drop? Presumably the surface tension varies with this orientation, 
and one possible explanation of the shape of the curve near the isotropic 
transition is that the orientation changes near the transition. 

Shashidhar ; There is experimental evidence that in PAA the molecules 
are nearly parallel to the free surface and that their orientation is inde- 
pendent of temperature*. It would appear therefore that the suggestion 
that the shape of the curve is due to the change in orientation is not 
right. The surface orientation is not known in the case of anisaldazine. 


Langevin D and Bouchiat M A J. de Physique 33 Ci-77 ( 1972 ) 
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Abstract. Dielectric measurements in the microwave region were made 
for PAA over a wide temperature interval. The parameters of the 
ColC“Cole semicircle correspond to the dielectric relaxation time 
Td = 2.3 . 10-11 s, for nematic PAA at I25°C. This relaxation time 
corresponds, we believe, to a rotation around the long PAA axis of the 
dipole moment of the molecule. Wc should stress the fact that the n* 
value is difTcrcnt from the extrapolated t* ^ value (for all temperatures), 
indicating the existence of a faster process ( ca. 3.10-iis), possibly 
connected with a rotation around the long PAA axis of OCH* groups. 

Additional information about rotational correlation time may be obtained 
from neutron quasiclastic scattering ( QNS ) data for not too low 
momentum transfers. With this aim m view we have analysed the QNS 
data for nematic MBBA. Each QNS run was fitted by a curve composed 
of two Lorentz contours convoluted with the Gaussian resolution and 
added together with a certain fittablc mixing factor. One of these 
Lorentzians appeared to be momentum transfer independent, indicating 
that it is connected with rotational jumps. Its width gave the effective 
rotational correlation time t© for MBBA at ca. 25°C as equal to 
ca. 3.10-^* sec. 


Introduction 

In earlier papers, neutron quasielastic scattering (QNS ) spectra for nematic 
PAA| were interpreted in terms of translatory diffusion According to 
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the theories of QNS such an interpretation is correct only if the 
neutron waveveclor transfer k is very small, a condition which has so far 
been fulfilled in experiments^. It was argued, on the basis of dielectric 
relaxation experiments'^, that rotational motions of the PAA molecule 
about Its long axis, being responsible for relaxation times of the order of 
10 " s, cannot contribute sign.ficantly to a broadening of neutron peaks, 
thus giving the right to interpret neutron data in terms of translatory 
dilTusion even for larger x. However, a discrepancy between the diffusion 
coeflicicnts so estimated for large x^-^. 4 ^nd those for small x, which 
amounted to a factor of five, made the above argument suspicious. 

In view of this situation, we decided to extend the previously published 
dielectric relaxation data for PAA'*^ to a wider frequency region in order 
to detect the possible appearance of another relaxation region besides the 
one at lO"" s. We also decided to interpret the QNS measurements with 
MBHA" on the basis of a new Rosciszewski theory^ from which times 
belWLcn rotational jumps of protons in the molecule may be estimated, and 
compared the results with the dielectric relaxation times for PAA. 

There is of course some doubt whether we arc entitled to compare 
dielectiic measurements for one substance (PAA) and QNS measurements 
for another (MBBA). In dielectric measurements performed m the GHz 
regum only rotations about long molecular axes may play any role. In 
QNS measurements proton jumps corresponding to the same rotations 
should be seen as well as proton jumps of CH3 end groups about their 
triple axes. We may expect that the rotational motions involved in both 
types of measurements arc similar for PAA and MBBA. An advantage of 
MBBA over PAA in neutron measurements lies in the lower temperatures 
of the nematic region for the former, resulting in smaller inelastic (phonon) 
backgrounds which must be subtracted in the process of isolation of QNS 
peaks. 

Preliminary results of some of these measurements have already been 
published in a letter'^. 


Dielectric relaxation measurements 

Dielectric measurements for PAA were made for frequencies; 300kHz, 
1.70 GHz, 6-69 GHz, 9-76 GHz, 22-68 GHz and 37-31 GHz in the Institute 
of physics of the Jagicllonian University in Krakow. The temperature 
region from ca. 95'’C to ca. 160^ was covered. Figure 1 presents e' and 
vs. temperature. Figure 2 presents for one temperature ( 125'’C) the Cole- 
Cole diagram. Similar diagrams may be made for other temperatures. 
From arcs of the circles so obtained, dielectric relaxation times were 
determined, and from their temperature dependences activation barriers for 
isotropic and nematic phases were estimated by applying the Bauer formula*^. 
Table 1 presents the values. 
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These results, although more accurate, are essentially the same as those 
published before*® on the basis of poorer experimental material (three 
frequencies only). A new phenomenon which was discovered with more 
frequencies involved in making Cole-Cole diagrams is this : the extrapolated 
e'jjj values differ from the corresponding n^ values, as may be seen in 
figure 2. There is a possibility that it is an indication of a second relaxation 
region, and the corresponding relaxation times arc ca. 
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Figure 2 The Colc-Colc diagram for PAA at 125°C. 


Table 1. Dielectric relaxation times and activation barriers obtained from 
Colc-Colc diagrams based upon results of figure 1 for PAA. 


Activation barrier Temperature Relaxation time 

(Kcal/molc) (C) ( 10 -'>‘S) 




160 

17-8 



155 

18-8 

Isotropic 

2-2 

150 

19-4 



140 

20-1 



130 

21-7 

Nematic 

2.7 

125 

22-8 



120 

24-0 


We interpret these results as follows: Relaxation times (10“*^s)and 
the barriers collected in table 1 correspond to rotation about the long axis 
of the main dipole moment, wloch in the PAA molecule is connected with 
the N 2 O group. It is a possibility that additional dipole moments con- 
nected with CH 3 end groups execute a much faster motion about the 
same axis, giving the second relaxation region (ca. 3 * 10 “^^ s). 

Neutron quasielastic scattering measurements 

Neutron scattering measurements for MBBA were made at the JEEP II 
reactor in the Institute for Atomcnergi at Kjcller. By applying a magnetic 
field it was possible to orient the sample and to perform measurements in 
two “geometries” x il n and x±n (n is the nematic director), as described, 
for instance, in Ref. 2. Figure 3 presents typical data, after subtra':tion 
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Figure 3 Neutron quasielastic peaks for nematic MBBA. Solid lines correspond to 
theoretical fits as explained in the text. 


of the inelastic (phonon) background. There are altogether 21 such runs 
distributed among three values of x, from the 2-4A"* 3-5 interval. 

Results were fitted to the form of scattering law derived by Rosciszewski^. 


Ss ( xiw) = 




(1-F° 

,2 + 0)2 


) .j:2_ 

r2 + <«" 


] 


T-' V 1 b T' 1 1 t)r 

r(oo) r(co) 


t ^ r 1 ^ 

+ — [^ 1 ~ F(cx)) . F^coiJ ^32 ^ ( 1 ) 

where Fi, r 2 and r 3 are parameters characterizing the three Lorentzians, 
hflTTii) is the energy transfer at the scattering, and F°°, YiS) and arc 

certain formfactors. The physical meaning of the formula is as follows : 
We assume that a proton in the molecule performs (a) translatory jumps 
together with the whole molecule; average time between jumps is t'o and 
the duration of the jump is t'i ; (b) rotatory jumps about a certain 

axis; average time between jumps is to and the duration of the jump is 
Tj. Moreover, we assume that t'o > 'r'l and to>ti. Under these 
assumptions the first Lorentzian represents a broadening of the neutron 

line caused by translatory jumps only and Fi = /j/tttq', second Lorentzian 
represents a broadening caused by translatory and rotatory jumps together 
and Ti = hlirtoo, — = — and the third term is only for the sake 

^00 *^0 '^0 -lU'ol 

of simplicity assumed as Lorentzian - Fa* having thus no simple physic 1 
meaning, representing in a complicated manner inelastic anharmonic effects 
mixeli together with translations and rotations. 
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In our fitting procedure we made the best choice of four parameters; 
F(®') , p/m). r 2 and r 3 • Fi was not treated as a fittable parameter 
because the t'o value was approximately known from the NMR data^^ 
as being equal to 10*-^ s. It has appeared that is very small, thus 
making neghg.blc the contribution of the first term of the formula ( 1 ). 

r 2 values obtained in this fitting could be put equal to ^ in view of 

TTTo 

the above quoted t'o value. In this way we came to the conclusion that 
our neutron data for MBBA are explained by rotations (one Lorentzian) 
and inelastic anhaimonic terms (another Lorentzian) only. Figure 4 
presents the effective tq vs. obtained in this way for both “geometries”, 
and figure 5 the F('i^) . fISS^) vs. 

We interpret these results as follows: tq, being a molecular property, 
is not dependent on x and may be understood as an effective time between 
rotational proton jumps in the MBBA molecule ; it amounts to ca. 3*10~^^s. 
F(^®i • fJ®*) is a product of Debye-Waller factors corresponding to trans- 
latory vibrations of the whole molecules and librations of the whole 
molecule about its long axis; its behaviour with x showing a decreasing 
tendency with x increasing is a reasonable one for Debyc-Waller factors. 
The mam task is now to interpret the observed anisotropy i,e. the different 
values of tq for x=n and xLn and the same for Fj'd^) • F}»V We shall 
give here a possible explanation not claiming that this is a unique one. 

The neutron experiment with x |] n has little sensitivity to proton 

rotational jumps about the long molecular axis; it sees preferentially 

proton jumps of CH 3 end groups about their triple axes. The experiment 
with xJLn, on the other hand, sees both types of proton jumps. As in 
the first motion only six protons are involved, whereas in the second one 
all twenty protons take part, we should observe the rotational quasielastic 
component enhanced in comparison with the inelastic anharmonic one 
for the xLn case. It is indeed so, because we see from figure 5 that 
F(to ) • FI®*) is much larger for x±n than for x II n. In view of this picture, 

the difference in tq for x II n and x j.n ( 2 5 • 10“*^ and 3.3 • 10"^^ s respec- 

tively) may be treated as evidence that CH 3 end groups rotate about their 
triple axes faster than does the whole molecule about its long axis. 

Conclosions 

1. Dielectric relaxation measurements performed in the GHz region in 
nematic PAA led to the relaxation time of ca. 2»10 “**s, which is 
interpreted as being connected with reorientations of the main dipole 
moment of the molecule about its long axis. 

2. An indication of the second dielectric relaxation region was obtained 
in these measurements with PAA ; the corresponding relaxation time 
is ca. 3»10~‘2s and is perhaps connected with rotations of the^ CH3 
end groups about the long molecular axis. 
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3. Neutron incoherent quasielastic scattering measurement performed in 
nematic MBBA led to an effective time between rotational jumps of 
protons in the molecule of ca. 3*10"‘2s. By using two “geometries*’, 
X li n and x xn, it was possible partly to separate the two motions: 
proton rotational jumps in CH 3 groups about their triple axes and 
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Figure 4 -Co vs. x* for MBBA. □ corresponds to x||n, A corresponds to xXn. 



FlgureiS F|;?f vs. X* for MBBA. □ corresponds to x||n, A corresponds to 

nXn. 
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rotational jumps of all protons in the MBBA molecule about the long 
molecular axis. 
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DISCUSSION 

de Vries: On your last slide I noticed a 90® bond angle just to the right 
of the right-most benzene ring. Is this angle meant to be that way or 
is this an oversight? 

Janik : It is perhaps an improper perspective of the drawing. There is no 
right angle there of course. 

Demos : If the centre of Cole-Colc-plot lies directly on the axis this is 
interpreted as a single relaxation mechanism. In PAA you suppose a 
second fast relaxation. I want to ask where the centre of your Cole- 
Cole-plot lies for PAA ? 

Janik: It lies not far from the f' axis for 10~**s relaxation region. 
Where it lies for the supposed second region is impossible to say. 

Darbarl : ( 1 ) Will it not be interesting to substitute the methyl group 
with some larger group and observe if the faster t, corresponds to this 
substitution ? 

(2) If one studies such a dynamic phenomenon in smectics perhaps 
the so-called rotation of the overall molecule may further be hindered and 
one may be able to isolate the two processes as you propose. | 
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Janilc : ( 1 ) Yes, or one may deuteratc certain groups of interest, and 
compare with results for the non-deuterated sample. 

(2) This is perhaps a good idea, although one must be very careful 
in such comparisons because, no doubt, the rotational situation in liquid 
crystals is very complicated. 

Saape: A difference between and the (extrapolated) refractive index 
as obtained from measurements in the visible range is quite commonly 
observed. It is due or partly due to the neglect of the infrared part, that 
is, the molecular polarizability connected with a distortion of its structure. 

Janik: Yes, certainly. Our explanation of ^ which is consistent 
with a faster dielectric relaxation region, is a ‘ possible * explanation. 

dc Vries: (to Usha Deniz): You mentioned that the comparison of the 
neutron data of the crystalline phase at ITC and the supercooled Sb phase 
showed that in the latter there is a motion of the H atoms which is 
not present in the former. Would a rotation of the end methyl groups 
about their bond be sufficient to explain these effects or would the 

rotation have to involve more carbon atoms? Since I would probably 
classify this Sb phase as an Sh phase I would expect that there would 
be little possibility for rotation of anything but the end groups. 

Usha Deniz: If we had a reliable model on the basis of which we could 
work out the dynamics of HBPA in the liquid crystalline phases, we could 
then use the ratio of the intensities of the translational and rotational 
contributions to our spectra to find out how many protons take part in 
the rotational motion of the molecule. This would indeed tell us whether 
it is only the protons of the end methyl groups which take part in such 
a rotational motion. Since such a reliable model is not there at present, 
I will have to repeat my experiments with a sample in which the relevant 
parts of the molecule are deuterated. The reduction in intensity of the 
rotational wings as compared to that in the translational peak would then 
give me the answer to your question. 
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Some electrical properties and ordering in the p-n-alkoxybenzoic 
acids 
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Abstract. The work discussed here involves the p-w-alkoxybenzoic 
acids, propyloxy-through nonyloxy-benzoic acid. Much of the discus- 
sion is concerned with a review of earlier work on p-n-butyloxy and 
/>-/i-nonyloxybenzoic acid. Some preliminary results are presented on 
other benzoic acids and results on other materials are discussed in so 
far as they relate to the benzoic acids. The p-zt-alkoxybenzoic acids 
exhibit some unusual changes in dielectric properties at transition 
temperature, and these are explained by assuming an abrupt change in 
concentration of the monomer at the transition. The conductivity 
anisotropy exhibits some unusual behavior in the nematic phase and 
this is explained by assuming the existence of hydrogen-bonded clusters 
as well as a cybotactic structure involving dimers. 


1. Introduction 

The work discussed here involves the /?-«-alkoxybenzoic acids, propyloxy 
through nonyloxybcnzoic acid. The first four exhibit only a nematic 
phase, but the last three exhibit both nematic and smectic C phases. 
Work on other materials will be mentioned only in so far as it relates 
to these materials. Gray* has given a general discussion of this homo- 
logous series. The transition temperatures have been reported by Gray 
anjJ Jones^ and by Herbert^ who also measured the transition energies. 

The experimental techniques which involve microwave dielectric loss 
measurements and also the use of these measurements to indicate the 
degree of molecular alignment in the presence of electric fields have been 
discussed earlier^. The electrical conductivity was measured with an 
electrometer employing dc voltages that were low enough to avoid appre- 
ciable polarization effects. These measurements were simplified since 
only the ratios of the conductivities parallel and perpendicular to the 
nematic director were necessary. The resistivities of most of the samples 
were the order of 10^ ohm-cm. 

2. Dielectric properties 

Microwave* dielectric properties 

Chou and Carr’ have reported the temperature dependence of the dielectric 
loss at a frequency of 24*5 GHz for / 7 -/i-nonyloxybenzoic acid (NOBA) 
as shown in figure 1. In the nematic phase ( 117-143° C) a 10 kG 
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Figure 1 Temperature dependence of the dielectric loss at a frequency of 24.5 GHz in 
magnetic fields of 10 and 68 kG parallel and perpendicular to the microwave 
electric field in />-«-nonyloxybcnzoic acid. With permission. 

magnetic field was sufficient to align the nematic director perpendicular 
to the polarized microwave electric field giving maximum absorption 
and parallel to the microwave field giving minimum loss. The results 
in the smectic C phase were obtained by cooling from the nematic phase 
in the presence of a magnetic field. A 68 kG field appears to be more 
effective in aligning the director than a 10 kG field when aligning the 
director perpendicular to the microwave field but the parallel case is 
confusing. Because of uncertainties which may involve alignment due 
to wall effects, unwanted reflections due to a low power loss, or the 
structure in the nematic phase before cooling, the parallel case still 
remains confusing. The most significant information concerning the 
smectic phase is that if the dielectric loss changes at the nematic-smectic 
transition, the change is small. This implies that the freedom of rota- 
tion of the dipoles about the long molecular axes is not greatly affected 
in going from the nematic to the smectic C phase. 

The changes in the dielectric loss at the nematic-isotropic transition 
are unusual*. If it can be assumed that the average value of the dielec- 
tric loss in the nematic phase can be represented by ^ + 2 ), 

figure 1 shows a sizable change in the average value of the loss at the 
nematic-isotropic transition. A similar change has been reported’ for 
p-R-butoxybenzoic acid ( BOBA ), but a change of this magnitude is 
unusual for liquid crystals. Preliminary measurements on octyloxy and 
heptoxybenzoic acid also indicate a sizable change in the average value 
of the dielectric loss at the transition. ! 
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The possibility of this sizable change in the dielectric loss at the 
nematic-isotropic transition being associated with other liquid crystals 
that form linear dimers was checked using p-methoxycinnamic acid. 
This material is not very stable so the results shown in figure 2 are not 
of high quality, but they do show a change in the average value of the 
dielectric loss at the transition. Schultz and Meier* have observed a 
similar efifect for butylbenzoic acid. These results imply that this change 
in the loss is common to liquid crystals that form linear dimers. 

A possible explanation for the change in dielectric loss at the 
nematic-isotropic transition may be associated with a small percentage 
of monomer or open dimer. This idea assumes that because of the 
breaking and reforming of hydrogen bonds there may be a sufficient 
concentration of the monomer or open dimer to affect the dielectric pro- 
perties. The formation and destruction of hydrogen bonds in p-heptoxy- 
benzoic acid have recently been investigated by Deloche and Cabanc^ 
using NMR techniques. Since Schultz and Meier* were able to observe an 
appreciable absorption in p~/z-butylberizoic acid, and the dimer should not 
exhibit a dipole moment, it seems that an appreciable concentration of the 
monomer or open dimer would have been present. In order to explain 
the abrupt change in loss at the transition it is necessary to assume that 
the concentration of monomer or open dimer must change abruptly at 
the transition. This would result in an increase in the dipole moment 
due to the carboxyl group. The relaxation time of the carboxyl group 
probably does not change much at the transition, but it may be quite 



Figure 2 Temperature dependence of the dielectric loss at a frequency of 24.5 OHz in 

^ a magnetic field of 4 kG parallel and perpendicular to the microwave electric 

field in p-methoxycinnamic acid. 
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different from that of the alkoxy groups which could allow for a higher 
loss at 24*5 GHz. Axmann*® has measured the characteristic relaxation 
time in 4,4'-di-/i-hexyloxyazobcnzcne and 4,4'-di-n-octyloxyazobenezene 
and reported no appreciable changes in the relaxation times at the 
transition temperatures. In view of Axmann’s results it seems unlikely 
that a change in the relaxation time, which was associated with the 
alkoxy group of the benzoic acids, could account for the change in loss 
at the transition. However, a change in concentration of the monomer 
or open dimer may affect the relaxation time which is associated with the 
alkoxy groups of the benzoic acids. Although the transition energies^ 
in the alkoxybcnzoic acids arc higher than in many other liquid crystals, 
they will not permit large changes in concentration of the monomer or 
open dimer. 

Static or low frequency dielectric properties 

Some information concerning the static dielectric constant can be 
obtained by investigating the molecular alignment in audiofrequency 
electric fields. An ordering is preferred such that the dielectric constant 
is a maximum in the direction of the field if effects due to ionic conduc- 
tion arc absent. Chou and Carr^* have obtained results which show the 
preferred direction for the director in the nematic and smectic phases of 
NOBA due to a 20 kHz electric field. These results arc shown in 
figure 3. The two dashed curves that show the dielectric loss in the 
presence of a 10 kG magnetic field arc merely to indicate the dielectric 
loss when the director is parallel and perpendicular to the microwave 
electric field as shown in figure 1. The data for the 20 kHz field were 
obtained in the absence of any magnetic field. The results in figure 3 
show that the preferred direction for the long molecular axes is parallel 



TEMPERATURE *0 

Figure 3 Dielectric loss at 24.5 GHz for NOBA as a function of temperature in the 
presence of a 20 kHz elcctr'c field at 7 kV/cm. Reproduced with permission 
from Ordered Fluids and Liquid Crystals, Plenum Press ( to be published ). 
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in the nematic and perpendicular in the smcclic phase to a 20 kHz 
electric field. This implies that the static dielectric anisotropy changes 
sign at the nematic-smectic transition. A possible explanation for the 
change in the dielectric anisotropy involves a mechanism reported by 
Maier and Meier*^ and discussed recently by Martin, Meier and Saupc*^ 
This mechanism involves a molecular rotation about an axis perpendicular 
to the long molecular axis and is associated with the component of the 
dipole moment parallel to the long axis. Because of symmetry this would 
not apply to the dimer but could apply to a monomer due to the dipole 
moment parallel to the long axis. If the concentration of the monomer 
decreases with a decrease in temperature at the nematic-smectic transition, 
the dielectric constant in the direction of the director could decrease 
which might allow for the change in sign of the dielectric anisotropy. 
The concentration of the monomer involved would probably be quite 
small because the dielectric anisotropy in the nematic phase near the 
transition is probably between -= 0*01 and =* 0*02 for NOBA. 

Earlier work^i indicated that the dielectric anisotropy decreased in the 
nematic phase with a decrease of temperature rather than increase as 
expected. This decrease in the dielectric anisotropy could also be explained 
by assuming a decrease in the concentration of the monomer with a 
decrease in temperature. Although the concentration of the monomer 
required for the explanation given here is probably much larger than that 
expected by other investigators, Delochc and Cabanc^ have predicted a 
decrease in the concentration of the monomer with a decrease in 

temperature. 

The dielectric anisotropy was checked for the heptoxy- and octyloxy- 
bcnzoic acids at the nematic-smectic C transition. The results were 

comparable to those shown in figure 3 in that the dielectric anisotropy 
changed sign at the nematic-smectic C transition. The sign of the 

diflectric anisotropy of p-heptoxy benzoic acid in the nematic phase has 
been uncertain'^'. It is so small that it can easily be affected by 

impurities. A very pure sample showed that it is positive in the upper 
part of the nematic range and it is still slightly positive a couple of 
degrees above the nematic-smcctic transition, but it is difficult to establish 
that the change of sign does not take place above the nematic-smcctic 
transition. The dielectric anisotropy for the propox y- to hexoxy-benzoic 
acids is positive in the nematic phase. 

3. Conductivity anisotropy 

Chou and Carr*^ have investigated the electrical conductivity anisotropy 
in NOBA as a function of both time and temperature as shown in figures 
4 and 5. Figure 4 shows the ratios of the conductivities parallel and 
perpendic\ilar to the nematic director as a function of time, where (7 n 
and <7x represent the conductivity parallel and perpendicular to the 
nematic director respectively. The data for the upper curve were obtained 
aftfir heating from the solid to the nematic at 134® C and the data for 
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Figure 4 Time dependence of the ratio of the dc conductivities for NOBA at 134® C. 

Reproduced with permission from Ordered Fluids and Liquid Crystals, Plenum 
Press ( to be published >. 



Figure 5 Temperature dependence of the ratio of the dc conductivities for NOBA. 

Reproduced with permission from Ordered Fluids and Liquid Crystals, Plenum 
press ( to be published ). 


the lower curve were obtained after cooling from the isotropic liquid to 
134® C. The upper curve showed that the direction corresponding to 
maximum conductivity changed from parallel to perpendicular to the 
nematic director in a couple of hours. 

The data for the heating curve in figure 5 were obtained after the 
sample had been melted from the solid and kept at 120® C for about 
7 hours. The data for the cooling curve were obtained after the sample 
had remained in the isotropic liquid for about 1 hour. The heating and 
cooling rates were about 10 min. per degree. Results on other samples 
of NOBA varied a little but the results were essentially the same. The 
heating curves always showed a dip in the neighborhood of 141® C, and 
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the cooling curves would often show a small dip here. The dip in the 
heating curve in the neighborhood of 141° C is very interesting and may 
imply that more than one mechanism is necessary to explain the results 
of figures 4 and 5. 

In view of the x-ray^^ and conductivity anisotropy results in 
p-heptoxyazoxybenzene, the possibility of dimers forming cybotactic 
groups ( layered structures ) as shown in figure 6a must be considered**. 
In order to allow for a time dependence as shown in figure 4, a structure 
illustrated in figure 6b was suggested**. It was suggested that both 
mechanisms are involved in the entire nematic range, but that one may 
predominate in any portion of the range. The structure illustrated in 
figure 6b may bend and become entangled with other hydrogen bonded 
clusters or cybotactic groups as well as dimers and monomers. This 
might be the arrangement when heated from the solid to the nematic 
phase. Equilibrium could be approached by a process of breaking up and 
reforming clusters. This would involve a rapid formation and destruc- 
tion of hydrogen bonds. The dimers might prefer a layered structure 
quickly but the tendency to form hydrogen bonded clusters could prevent 
this. If a cybotactic structure like that illustrated in figure 6a is formed, then 
polymerization as illustrated in figure 6b could take place rather quickly. 
This might aid in explaining the greater degree of ordering in the 
cooling curve if it could be assumed that the cybotactic mechanism was 
more effective in the upper portion of the nematic phase than in the 
lower portion. This might also explain the dip in the heating curve in 
the neighborhood of 141° C. 
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Figure 6 Possible structures for NOBA. 
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The most stable state should correspond to the minimum value of 
the ratio of the conductivities but this is probably never reached. If an 
experiment was carefully carried out with the intention of reaching 
equilibrium it would require so much time that decomposition of the 
sample would upset the state of the system. It seems strange that the 
conductivity anisotropy as shown for the heating curve could change to 
positive at but when one changes the temperature of an entangled 

structure, the size of the cluster may change and some of the ordered 
regions may be broken up. Temperature gradients may play an important 
role. It should be pointed out that not all heating curves showed a 
positive conductivity anisotropy, although they showed a dip in 
the neighborhood of 141° C. 

It was reported carlicr^^ that the sign of the conductivity anisotropy 
normally did not change when the sample was heated quickly from a 
temperature of 134° C to the isotropic liquid and cooled quickly to 134° C, 
but if it remained in the normal liquid for at least half an hour, it 
always returned to 134° C with a negative conductivity anisotropy. This 
observation is difficult to understand and will be investigated further. It 
would appear that mechanisms such as those that arc discussed here may 
be involved just above the transition, but this is difficult to accept. 

Rondclcz^^ investigated the conductivity anisotropy in p-octyloxy- 
bcnzoic acid ( OOBA ) and reported a positive conductivity anisotropy 
for the entire nematic range. Preliminary measurements by the author 
agreed with Rondo Icz’s work in the upper portion of the nematic range, 
but in the lower nematic range results have been obtained which show 
both positive and negative conductivity anisotropies. The lower portion 
of the nematic range of p-hcptoxybcnzoic acid showed a positive conduc- 
tivity anisotropy but in some eases o-n /(Tj. was very close to one. For a 
very pure sample a negative conductivity anisotropy was observed in 
p-hcptoxybenzoic acid just below the nematic-isotropic transition. The 
anisotropy was very small and could not be observed after the sample had 
decomposed by heating for a few hours. This implies that impurities 
have some effect on the anisotropy. A comparison of the results on the 
nonyloxy-, octyloxy- and hcptoxy-bcnzoic acids indicate some consisten- 
cies, but the observation of a positive conductivity anisotropy just below 
the nematic-isotropic transition in OOBA is hard to explain. OOBA 
was purified by recrystallization while the other two were purified by 
rccrystallization and chromatographic methods. In view of possible 
impurity effects, studies are now in progress to repeat most of the 
measurements discussed here with emphasis on purity. 

4. Molecular alignment due to electric fields 

The effect of a low frequency electric field on the molecular alignment in 
NOBA has been investigated by Chou and Carr and some of these results 
arc shown in figure 7. These results are similar to those published 
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earlier^ except the cut-off frequency is much higher. The nematic director 
was initially aligned parallel to the microwave electric field with a 2 kG 
magnetic field. The increase in absorption with an increase in electric 
field intensity shows that the preferred direction for the nematic 
director is perpendicular to low audio frequency fields. The conductivity 
anisotropy for the results shown in figure 7 was negative ( o-j. ><t n ). 
Figure 3 shows that the preferred direction of the director for frequencies 
above the cut-off frequency is parallel to the electric field. These results 
can be explained by the counteraction of the dielectric and conductivity 
anisotropies which are of opposite sign. The explanation is similar 
to that presented earlier except for a change in sign of both the 
dielectric and conductivity anisotropies. 

A comparison’* of the relative effectiveness of a magnetic and 100 Hz 
electric field for producing molecular alignment in NOBA indicates that 
the torque on the sample is proportional to E^. This comparison is only 
for a small range of fields and is made at a value of the dielectric loss 
corresponding to a random orientation of the molecules. This behavior 
is similar to that reported earlier*'^ for materials exhibiting positive 
conductivity and negative dielectric anisotropies. 

Figure 7 shows that low audio frequency fields do not rotate the 
nematic directors of all the clusters by 90 degrees. This was the case for 
materials exhibiting positive conductivity and negative dielectric aniso- 
tropies and was later shown to be consistent with a detailed theoretical 
treatment by Helfrich*®. Viscosity measurements are not available for a 
theoretical discussion of the results on NOBA, but the results appear to 



Figure 7 Dielectric loss in p-/i-nonyloxybcnzoic acid at a microwave frequency of 
24.5 GHz as a function of an externally applied cJcctric field. The individual 
• curves are for various frequencies of the electric field applied parallel to a 
200(M3 magnetic field. The temperature was 120® C. 
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indicate that the conductivity is a maximum perpendicular to the 
nematic director. This implies that the structure in the nematic phase is 
more hke a smectic A than smectic C type structure. This is consistent 
with the optical observations of Taylor, Fergason and Arora*^ in that they 
reported that the nematic phase was uniaxial. It should be pointed out 
that the sign of the conductivity anisotropy in their work was not 
known, so it is not certain that a comparison with the work discussed 
here should be made. Chistyakov et have investigated the nematic 
and smectic phase of NOBA employing x-ray techniques, but due to the 
uncertainties concerning the use of electric fields, it is difficult to relate 
the work to that discussed here. 

An investigation^ of the frequency dependence of electric fields for 
producing molecular alignment in p-/i-butoxybenzoic acid ( BOBA ) showed 
that low audio frequency fields were more effective than fields of much 
higher frequencies. The nematic phase of this material exhibits positive 
dielectric and positive conductivity anisotropies. The preferred direction 
for the directors due to ionic conductivity is consistent with earlier 
work*^ and the results also suggest that the torque which is associated 
with the conductivity anisotropy is proportional to E^. Preliminary 
results on the propoxy-, pentoxy- and hexoxy-benzoic acids indicate a 
behavior similar to that reported for BOBA. These materials also show 
intensive light scattering in the presence of low audio frequency fields, 
which may seem a little unusual since they exhibit a positive dielectric 
anisotropy. 

A few measurements have been reported** on the effect of dc and low 
audio frequency electric fields in the smectic C phase of NOBA. These 
results were obtained by cooling from the nematic to the smectic phase in 
the presence of the fields. The results showed that there is an effect 
on the alignment due to electric fields which is frequency dependent. 
Although a detailed study has not been carried out, the results do 
indicate a behavior that is more consistent with a smectic C than smectic A 
type of structure. 

5. Conclusions 

The results on the nematic phase of the /7-w-alkoxybenzoic acids, which 
also exhibit a smectic C phase, seem to indicate the presence of mono- 
mers, dimers, cybotactic groups and hydrogen bonded clusters. The con- 
centration and sizes of the various groups should be temperature depen- 
dent. In general, the various clusters of molecules probably involve both 
the cybotactic and hydrogen bonding mechanisms. The most stable state 
in NOBA appears to correspond to the smallest value of the ratio of 
the conductivities parallel and perpendicular to the nematic director, 
( ail / Cl). This state of the system is approached by a process of breaking 
up and reforming of clusters of molecules which also involves the destruc- 
tion and formation of hydrogen bonds. A small change in the concen- 
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(ration of the monomer at the transition temperatures has been suci>cs(ed 
to explain the dielectric behaviour at the transitions. 

It is not clear how the model discussed here can explain the struc- 
ture in the smectic C phase of NOBA. If the planar structure shovsn in 
figure 6b is permitted to bend, the till angle llial is associated with the 
smectic C phase would be difficult to understand. One m:g]it assume 
that the smectic C phase is primarily a slack of planes similar to that 
illustrated in figure 6 b, but stacked in such a way as to look hke the 
stack was subjected to shearing forces. This could allow for the tilt 
angle, but the rotation of the directors with magnetic fields'^ of 10 kCi oi 
less W'hile the tilt angle may remain constant present > a problem. Since 
this rotation is a very slow process compared to the Jestiuciion and 
formation of hydrogen bonds it might be assumed that cquilibiium is 
being approached where the most stable state corresponds to the new 
direction preferred by the long molecular axes. 

There is evidence^* that the structure in the smectic C phase can vary 
as it does in the nematic phase, but it does not appear to exhibit the 

lime dependence of the nematic pliase. Wiien a sample of NOBA was 

cooled from the nematic to the smectic phase and returned to the nematic 
it returned to the nematic phase w'lth the sign of the conductivity 
anisotropy unchanged regardless of the original sign of tlic anisotropy. 
This observation implies that more consideration should be given to the 
structure in the nematic phase when investigating smcctic C phases, and 

some of the uncertainties concerning structure in smectic C phases may 

be due to variation in structure. 

A structure like that suggested in figure 6b might imply an increase 
in Viscosity with time, but it could also be suggested that the best ordered 
sanifilc could have the lowest values for the viscosity. The absolute 
values of the resistivity appeared to decrease with lime by more than 
that expected from decomposition. Therefore, a decrease in viscosity may 
be likely. 

Molecular alignment in liquid crystals due to ionic conduction 
appears to be so common, and the responsible mechanism so well behaved, 
that it seems a comparable behaviour should be found in other systems. 
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DISCUSSION 

Gray : When preparing samples of /?-alkoxybenzoic acids for optical 
microscopy and determination of transition temperatures there is clear 
evidence for some decomposition or chemical change. The samples rapidly 
fill with small bubbles and transition temperatures steadily fall on repeated 
heating / cooling cycles. This would be caused by (a) decarboxylation 
giving an anyl alkyl ether — a dipolar species, or ( b ) anhydride formation 
which would give water plus a dipolar species similar to part of your pro- 
posed polymer. 1 wonder whether you have any evidence to show that 
such possibilities are not important in your observations? In your aniso- 
tropy of conductivity experiments you are heating the materials for 6-7 
hours at high temperatures, and we observe formation of bubbles during 
microscopy experiments of only a few minutes’ duration. The importance 
or otherwise of such chemical changes could be proved by physical studies 
of samples after carrying out your experiments, e.g.. mass spectrometry 
would detect anhydride. 

Finally it is perhaps worth noting that anhydride formation is a 
reversible process and may account for some of the differences you observe 
on heating and cooling cycles. Also decarboxylation is a possible surface 
catalysed reaction which may vary in its importance with experimental 
conditions. 

Carr : There is evidence that the results arc affected by decomposition of 
the sample, but we have found p-nonyloxy-benzoic acid to be a reasonably 
stable material compared to other liquid crystals with a comparable -tem- 
perature range. After using a sample 15 or more hours it can be reheated 
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from the solid and results comparable to those shown in figures 4 and 5 
can be obtained. The second set of measurements will be affected, but the 
time dependence and a dip below isotropic-nematic transition will be 
present. Preliminary measurements have indicated that a time dependent 
mechanism was not effective in the smectic C phase which implies that a 
reversible chemical process is unlikely but this needs to be checked further. 
However, the possibility of a reversible chemical process should be consi- 
dered to explain some of the observations while passing through the 
isotropic-nematic transition. All these measurements will be checked 
further. 

Schnur : Have the equilibrium constants been determined for the formation 
of the dimer in the isotropic phase? What do you think tlic effect of 
solutes — structure maker and structure breaker — would be on the 
polymorphism of these materials ? 

Carr : Benzoic acid and some other similar materials have been investigated. 

1 do not remember who investigated benzoic acid, but the conclusion 
was that the concentration of the monomer would be too small to 
appreciably affect results comparable to those picsentcd here. Studies 
involving the addition of solutes need to be carried out. 

Chandrasekhar; Has the real part of the electric susceptibility been 
studied? In particular, 1 would like to know if the mean dielectnc 
constant shows an increase at the transition? 

Carr ; We have not made any measurements of this as yet. 

de Vries : Am 1 correct in understanding that all the results you presented 
were for / 7 --nonyloxybcnzoic acid? 

Caar : A slight dip in the conductivity anisotropy v.v. temperature curve 
just below the nematic-isotropic transition was observed for p-hcptyloxy- 
bcnzoic acid, but we have not observed after a few hours of use. We have 
observed both positive and negative conductivity anisotropy in /i-octyloxy- 
bcnzoic acid, but it was not tried to observe a time dependence yet. 
These two materials will be further investigated. It appears that they will 
be much more difficult to study that / 7 -nonyloxybenzoic acid. 

Blinc : Cannot spectroscopy tell you about the dimers, polymer, etc. ? 

Demos ; I want to remark that according to our IR measurements* there 
is no jump in the dissociation of the dimers of alkoxybcnzoic acids. 

Billard : Do you propose to study other systems with hydrogen bonding? 

Carr : W^ feel that there is more work that needs to be done on the 
p-n-alkoxybenzoic acids before investigating other similar systems. 


Kolbe A and Demus D Z. Naturforsch. 23 1237 ( 1968 ) 
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Soft mode dyoamics in nematic liquid crystals 
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Abstract. The dynamic properties of the molecular model proposed by 
Maier-Saupe for nematic liquid crystals are investigated A rotationally 
invariant form of the Hamiltonian predicts the existence of two different 
diffusive optic soft modes in the nematic phase in addition to a doubly 
degenerate acoustic " magnon ” mode which is the Goldstonc mode of 
the isotropic -nematic transition. 


1. Introduction 

Maicr and Saupe^ have proposed a simple microscopic model for nematic 
liquid crystals. Whereas the static properties of this model were stud ed 
in great detail, the dynamic properties do not seem to have been investi- 
gated at all. It is the purpose of this paper to elucidate the dynamics of 
the Maier-Saupe ( MS ) model with particular emphasis on the existence 
of soft modes the condensation of which should result in an isotropic- 
nematic phase transition. The problem of the existence of the symmetry 
recovering Goldstone modes the frequency of which should vanish in the 
long wavelength limit in the low symmetry phase will be discussed. It 
will be shown that these modes which are a necessary consequence of the 
breaking of a continuous symmetry group at the isotropic-nematic phase 
transition are not predicted by the usual form of the MS Hamiltonian as 
this does not contain the full symmetry of the high temperature phase. A 
rotationally invariant form of the MS Hamiltonian, on the other hand, 
does predict the existence of the Goldstone modes. 

The present work is thus complementary to the macroscopic approach 
to liquid crystal dynamics^-^ as well as to the approach® which is the 
extension of the microscopic theory of collective modes in classical 
liquids. 


2. The Hamiltonian 

Taking into account dispersion forces between anisotropic molecules and 
averaging over their centre-of-mass positions, Maier and Saupe' derived 
the following Hamiltonian : 
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- 2 A, (icOs2tf.,-i) (1) 

ij 

where 9\^ is the angle between the long axes of the molecules i and j. 
At, IS a constant which measures the strength of the interaction. 

To minimize the free energy associated with the above orientational 
interaction the molecules prefer - below a certain temperature -- a parallel 
orientation of the long axes of the molecules. It is this orientational long 
range ordering which characterizes the onset of the nematic phase. 

The above Hamiltonian ( 1 ) is usually replaced by a separable 
interaction 

= - 2 ^1) ( I cos2 9, - i ) ( I cos^ 9, - i) 

i.j 

= - 2 1 ), 1 ), ( 2 ) 

i.j 

where is the angle between the long axis of the i molecule and the 
preferred direction in space, i.e., the nematic axis, and where 

t), = (ScosMi-i) - (3) 

Here we specified the orientation of a given molecule in space by the 
unit vector : 

= ( sin di cos <p^, sin sin pi, cos ) ( 4 ) 

It should be noted that the Hamiltonian (2) does not contain the 
full symmetry of the isotropic phase. With the help of the unit vectors 
iii and D) which specify the orientations of the two molecules, expression 
( 1 ) can be written as 


+ (5) 

ij Uj 

which can be contrasted with the usually used form of the Maicr-Saupe 
Hamiltonian as given by expression ( 2 ) : 

^ MS ~ ”” •'^ij ( i ®x»j ~ i ) ( S ®*»i ” i) , 

ij 

Whereas the difference between these two forms is not significant in the 
static case, it is important when dynamic properties are investigated. 
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Since we are not taking into account the relative motion of the 
centers of gravity of the molecules, the second term in expression ( 5 ) is 
a constant and can be left out. In the mean field approximation (MFA) 
we can rewrite expression ( 5 ) as : 

M"‘' = - i • 2 ^ii [ <»!),> n’. + <'i]y> nfy 

J 

+ < "i. > 2 < /III /I), > /ii. /i„ + 2 < /I,. /i|. > n,. ii,. 

+ 2 < /ii, «i. > n,, /»,. ] (6) 


Rotationally invariant Maier-Saupe Hamiltonian 

In the homogeneous case, where < ^ ^ ^ rewrite the 

MFA Hamiltonian (eq. 6) as 

nj + < «; > n\ + < n’. > n] 


+ 2 (.n, iij y n, n, + 2</i, n,>/i,//, + 2</i,/ii>/ij/it] (7) 


where 




The self-consistent equations are now 


<n, rtf y 


/ n. n, exp ( - ^ ) • dO .p^x.y.z 

/ exp (~^ 


( 8 ) 


The integration goes over the whole solid angle and is performed 
with the help of expression (6). 


In the high temperature isotropic phase we find : 

= = j (9a) 

<n, /I, >=< /ix /If >=<"»"«> = 0 (9b) 

This solution, which exists at all temperatures, corresponds to 

<T1> - 0. 

In order to investigate the low temperature solution, let us assume 
that the molecules order along the z axis, and that there is no prefer- 
ential ordering in the xy plane. In such a case we have 


</», II, >=* </i» /»!> = < ”r 'tf > “ ® 

<wj> = <nj> = HI -<"J >) 


(10 a) 
(10 b) 
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It should be noticed that this assumption breaks the symmetry of the high 
temperature phase. From expression (3) and (4) we see that 

<«i> - l{2 <'n> + \) (lla) 

- ni (11b) 

When we insert expressions (10a - lib) into eq. (7), it reduces to 
- -Vc <^>y) 

thus demonstrating that m the homogeneous static case there is no differ- 
ence between the usual and the rotationally invariant form of the MS 
Haini Itonian. 


Dynamic properties 

We shall assume that the collective normal modes in liquid crystals are so 
strongly overdamped that the real part of the mode frequency may be 
neglected in comparison with the imaginary one and the system can be 
treated in a rclaxational approximation. 

Let us now investigate the dynamic properties of the Hamiltonian 


ij 

The rclaxational equations of motion for the deviations from the MFA 
solutions arc 


>. = - ^ ”i. «.i> >■-<«.. "if >.] 

where a, = x, y, z and 

’ / exp ( - ;? ) dQ 

is given by expression ( 6 ), and < n,. n,p by 
< "i. "if >, = < "l. "if > + « < "i. ",f >c-t/-t 
Introducing collective coordinates by the Fourier transform 

» y 8<«,. 


( 13 ) 


( 14 ) 


( 15 ) 


» <". "f >, 


( 16 ) 
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and using expression ( 15 ) we find : 

— ’ . = S - I [< wp wj > 8 <n^> 

T q q ^ q 

+ <«. np7ij> 8 <«2> -f<”. +w. 8 «y> + 

^ ^ q q q 

+ 2 < w, Wp //. > 8 < «, «. >^ + 2 < «a Wy w. > 8 < w, n, + 

+ i ^q < "a > [ < > 8 < A72 >^ + < ,;2 > 8 < „2 + < „2 > 8 < (17) 

where Vq is given by 

Kq = 2 - 4 ,, 

/ 

We thus have a system of six linear equations for the fluctuation 
eigenvectors 8 < «p > ( a, ^ x. y, z). The eigenvectors must satisfy 

the relation 

8 <«J> + 8<//2 > + S<nl> = 0 (18) 

so that only five of these equations are independent. This corresponds to 
the fact that the nematic order parameter is as pointed out by 
de Gennes’ - a symmetric second rank tensor of zero trace which has five 
independent components. 

The nature of the solution for 'c depends on the averages 


</)J> = <nJ> = i < sin-* 6 > = i - J < cos2 0 > + S < cos'* 0 > (19a) 

< nj > =z < cos* 0 > (19b) 

< nj n2 > _ < „2 „2 > _ j < sin2 0 cos^ 0 > = i < cos^ 0 > - ^ < cos* 0 > ( 19 c) 

< „2 = J < sin* 0 > = J - i < cos2 0 > + i < cos* 0 > ( 19 d ) 

In the isotropic phase, T > , one easily finds that 

< "I > = < 1 ^ 

< n* n’ > = < nj > = < nj nj > = ,’j ( 20 b ) 

and all five possible fluctuations relax with the same wave vector depen- 
dent relaxation time : 

TJr(q)^( \ - ^VqjS) (21) 


This result is easy to understand. The ellipsoid, which can be 
ascribed to the equilibrium value of the order parameter tensor, reduces 
to a sphere for T> T.. Above T, all orientations of the order parameter 
tensor arc thus equivalent and therefore all possible deformations relax with 
the same relaxation time. Expression (21) predicts a critical slowing down 
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of T (q) as jffKq/5 “♦ I. Depending on the value of q for which Fq is a 
maximum we find— after the diffusive soft mode has condensed out — a 
homogeneous nematic (q) - 0) or a spiral cholesteric (q 0) low tempe- 
rature phase. 

In the following we shall be concerned with the nematic solution. 


If one assumes that Kq is isotropic 

Vq^y.-ag^ (22) 

we see that 

r,/T(q)= 1 - (TJT) + jSagys. - ll(kT) (23a) 

The above diffusive soft mode has thus an optic character ( 1/t 0 for q=0) 

except at the stability limit where 

TxlT(q) = Paq^lS (23b) 

The degeneracy of the soft mode is lifted in the nematic phase. We 
find two different diffusive optic soft modes : 

(i) T^lriq) * 1 - 3/3 K, (24a) 

with the eigenvectors 

8 < n, n, >q 0 or J < nj >q - 8 < nj >q 0 ( 24 b ) 


and 


(ii) rjT(q) = 1 + I p Fq ^ ( 25 a) 

with the eigenvectors 

8 < nj >q -f 8 < nj >q = ~ 5 < nj >q ( 25 b ) 

in addition to a doubly degenerate diffusive acoustic mode 

(iii) (TilT(q) = 1 - 3 F (q )< nj nj > = ( F. ~ Fq )/V. (26a) 
with the eigenvectors 

8 < n, n. >q 0, 8 < «, n, >q 0 ( 26 b ) 

The fifth mode, which would represent a rotation of the nematic order 
parameter ellipsoid around the z-axis, is not a real normal mode of the 
system in view of our assumption of the isotropy in the xy plane. If, 
however, our order parameter tensor would be biaxial — i.e., a general 
ellipsoid and not axially symmetric one — the fifth mode would be 
present too. 
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Soft mode dynamics in nematic liquid crystals 

The nature of the four nematic order fluctuation modes is illustrated 
in figure 1. The first mode (i) represents a change in the magnitude of 
the two smaller principal axes of the order parameter ellipsoid with the 






Figure 1 Illustration of the normal mode motion for the four nematic order para- 
meter modes as obtained from the rotationally invariant form of the Maier- 
Saupe Hamiltonian. The doubly degenerate second sound mode (iii) is 
the Goldstone mode of the transition. 


largest (z) axis remaining constant. The increase in the magnitude of 
the X axis is compensated by a decrease in the magnitude of y axis 
and vice versa. It can be called a “ b’axial ” nematic soft mode, since it 
tends to destroy the “ uniaxial ” nematic symmetry. The second mode ( ii ) 
represents a decrease in the magnitude of the z axis which is compensated 
by an increase in the x and y principal axes and vice versa. It is a 
“ uniaxial ” nematic soft mode. Whereas the above two modes thus 
represent ^ change in the magnitude of the local anisotropy, the doubly 
degenerate third mode (iii) represents a rotation of the local aniostropy 
out of the z direction. The rotational ellipsoid rotates in the xy or the yz 
piai\e. It is this last mode which is the Goldstone mode* of the isotropic- 
nematic transition. 
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In the transition from the isotropic liquid to the nematic phase the 
continuous rotational symmetry decreases^ from Oy to Ty x Oy ( isotropic 
liquid -* Ty \D\ (nematic phase) 

(27) 


^3 




The Goldstone mode tries to recover the symmetry which is broken 
in the low temperature phase. Its frequency vanishes in the long wave- 
length limit (l/T-»o» a^’d the motion corresponds to the con- 
tinuous group X which is broken at T^. 


The temperature dependence of the relaxation times r-^ of these three 
modes is shown in figure 2 for q ~ 0. The frequencies 1/t of the modes 
(i) and (ii) vanish at the stability limit of the nematic phase. 



Figure 2 Temperature dependence of the four nematic order parameter fluctuation 
modes for q = 0. 
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Some new types of electrohydrodynamic flow patterns in 
nematic liquid crystals 

P P KARAT and N V MADHUSUDANA 
Raman Research Institute, Bangalore 560006, India 

Abstract. Elcctrohydrodynamic flow patterns in a homcotropically aligned 
nematic liquid crystal have been studied employing a geometry in which 
the observation direction is along the optic axis of the undistoiled sample 
and the electric field direction perpendicular to it. A possible mechanism 
for the observed pattern, w-hith is consistent with the Carr-Helfrich 
model, IS discussed. 

Interesting new observations are also described of dc and ac field induced 
distortions of nematic droplets suspended in the isotropic phase at the 
ncmatic-isotropic transition temperature. 


Introduction 

There have been a large number of studies of the Williams domains using 
the so-called ‘ sandwich ’ geometry. In this geometry, a nematic liquid 
crystal of negative dielectric anisotropy is homogeneously aligned between 
two transparent electrodes. If a dc or low frequency ac field is applied 
there appears, above a certain threshold voltage, a regular pattern of 
striations perpendicular to the undistorted director. The mechanism of this 
process is well established: a small bend distortion in the medium produces a 
space charge in that region because of the conductivity anisotropy. The 
action of the applied electric field on the space charge leads to the stable 
hydrodynamic flow pattern which at higher voltages gives way to 
turbulence** 


Flow patterns in a homeotropically aligned sample 

Recently, we^, made some observations using a difTerent geometry: the speci- 
men was homeotropically aligned between two glass plates, and the electric 
field was applied perpendicular to the undistorted director between two 
copper or ^luminium foils which served as spacers (figure la). Obser- 
vations were made perpendicular to the glass plates ( along the X-direction) 
and above a certain dc or low frequency voltage, regular patterns were 
found (figure 2). Similar observations have been independently reported 
by Change. 


i 
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Figure 1 The geometry of the experimental set up for observing the electrohydro- 
dynamic distortion patterns in a homeotropically aligned sample. The 
electric field is non-uniform in (a) and uniform in (b). Observations 
are made in the X-direction and the cross section of the sample is 
^ 170 p- X 40 p.. 


The earliest observation in this geometry was in fact made by 
Frccdericksz and ZoUna*. However, at that time the exact explanation of 
the elcctrohydrodynamic phenomenon was not known. 

The electric field in the above set up ( figure la ) is evidently non- 
uniform because of the fringing of the field at the edges of the electrodes. 
In order to eliminate any possible effects due to this, we repeated the 
experiment with a uniform field. The end faces of two non-magnetic steel 
blocks were polished and small glass pieces cut from microscope cover slips 
were placed in between, such that a narrow channel was available for contain- 
ing the liquid crystal (figure lb). As the thin edges of the cover slip 

170 m) could not be treated with lecithin to get a homeotropic align- 
ment, the specimen was subjected to a strong magnetic field. Observations 
were made along the magnetic field by means of specially constructed 
microscope which could be slipped into the hole in the Zeeman pole piece 
of the electromagnet. The sample size was comparable to the one used in 
the earlier experiments, the X, Y and Z dimensions being approximately 
40 m, 1cm and 170 m respectively. AH the observations were made on 
n-p-methoxybenzylidene-p-bulylaniline ( MBBA ). A dc or low fre- 
quency ac electric field was applied between the steel blocks. When the 
magnetic field was high, it was observed that the specimen did not exhibit 
the regular pattern that was observed with a non-uniform electric field. 
However, dust particles could be seen to move up and down in between 
the electrodes almost in a straight line, /.e., there was a motion in the 
plane containing the direction of observation and the electric field direc- 
tion ( the XZ plane ), in agreement with the Carr-Hclfrich model. More- 
over, a few vertical ‘walls* could be seen in the field of view. They 
were rather similar to the walls seen in figure 2b and were clearly 
visible when the analyser (with no polariser) was vertical (Z-axis) but 
not so when the analyser was perpendicular to the electric field direction. 

We can now think about a possible interpretation of the observed 
pattern. In the usual sandwich configuration, the distance between the 



Figure 2 



IJccii ohydrod ynainic patterns in MBBA . magnification \ 120. The arrows 
on the right hand side indicate the settings of the nicols ( a ) dc, .^5V , 
( b ), ( c ) & ( d ) 20 cps, 32V , ( e ) & ( f ) 100 cps, 43V 



Figure 4 Eleclrohydrotlynamic distort ions of nematic droplets suspended in the 
isotropic phase at the transition temperature ( a ) undistortcd droplets 
under zero field ; ( b ) 200 cps, 100 V ; ( c ) 500 cps, 100 V and ( d ) 50cps, 
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electrodes is a small fraction of the length available perpendicular to the 
field (X direction) and it is well known that the repeat distance in the 
cellular flow pattern is determined by the distance between the electrodes. 
Therefore, several cells are formed with a periodicity along the X axis, 
the neighbouring striations corresponding to cellular motion of opposite 
sense so that the total angular momentum is zero. However, in the pre- 
sent configuration the distance between the electrodes is 4-5 times the 
space available in the lateral ( X ) direction. Hence it is not possible 
to have more than one cell to be formed at any given value of the Y 
coordinate. Hence it is likely that, in order to conserve angular momen- 
tum, neighbouring regions of the liquid crystal along the Y-direction 
assume opposite senses of rotation. In other words, whereas in the usual 
sandwich geometry, neighbouring domains with opposite senses of the 
vortices meet as shown in figure 3 ^ 7 , due to the physical restrictions im- 
posed by the present configuration they meet as shown in figure 3 b. This can 
explain the patterns shown in figure 2 under various combinations of the 
polarizer and analyser orientations. Further, as was noted in our earlier 


(a) 



Figure 3 The sense of vortex motion in adjacent domains ( a ) in the sandwich 
geometry and ( b ) in the proposed model for the geometry shown in 
figure 1. 



publication^, in the setting corresponding to figure 2c, dark bands could 
be seen to sweep across the domains from one wall to the other and back, 
the bands in adjacent domains moving in opposite directions. In the 
polariser and analyser setting of figure 2d, corresponding changes could be 
seen in the walls between the domains. We have undertaken further 
experiments to test this model. 


Observations in homogeneously aligned samples 

When the specimen prepared as described in the previous section is turned 
through 90®, about the Z-axis we get a homogeneously aligned sample, the 
magnetic field now acting parallel to the Y-direction (figure 1). Again 
the field ii^duced electrohydrodynamic flow resulted in a set of domains 
when viewed along the X-axis. According to the Carr-Helfrich model the 
cellular motion is in a plane perpendicular to the direction of observation 
( i.e.y in the YZ plane ) and the walls between the domains could be 
clelary seen at all settings of the analyser. 
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Electrobydrodynamic distortions of nematic droplets 

Another interesting type of distortion was found during the studies des 
cribcd above. If the temperature of the sample is maintained at the nematic- 
isotropic transition point T, , nematic droplets can be seen suspended in the 
field of view (figure 4a). If a dc or a low frequency ac electric field is 
applied between the electrodes, beyond a threshold voltage, the droplets 
get deformed and become clliptically-shaped with the major axis of the 
ellipse normal to the electric field direction (figure 4b, c ). (The photo- 
graphs of the droplets were taken with a flash light as there was consider- 
able motion in the field of view. ) The voltage necessary to deform the 
droplets increases with increasing frequency of the ac field and at very 
high frequencies, no deformation can be observed. As the voltage at the 
lower frequencies is increased, further deformation takes place and the 
droplets assume the form shown in figure 4d. Air bubbles or dust particles 
could be seen to have vortex motion inside the droplets, indicating an 
clcctrohydrodynamic origin of these deformations. 
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DISCUSSION 

Brown: Some years ago, we observed distortions of droplets similar to the 
ones shown here. We have mentioned this in a report to the Air Force. 
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Anomalous alignment and domain formation in nematic liquid 
crystal : ethoxyphenylazophenyl hexanoate 
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Abstract. The effect of electric field on the molecular alignment in 
the liquid crystal ethoxyphenylazophenyl hexanoate is investigated 
using dielectric constant measurements at 1 MHz. The long axes of 
the molecules are found to align parallel to the electric field at very 
low audio frequencies and change to a perpendicular direction above 
1 kHz. The threshold voltage for anomalous alignment is obtained 
as a function of the frequency of the externally applied electric field. 
This IS correlated with the behaviour of the domain formation. The 
threshold voltages are found to be the same in both the cases. 


Introduction 

Since the first experiments of Jezewski* and Kast^, the effect of the external 
electric fields on a nematic sample remained controversiaP. The subse- 
quent discovery of domains by Williams^ and Kapustin^ in nematic 
samples under the action of a d.c. or low a.f. electric fields contributed 
to this confusion. Carr^-® tried to solve the problem by making use of 
dielectric loss measurements at microwave frequencies on the nematics 
p-azoxyanisole (PAA) and anisalaminophenylacetatc (AAPA) in the 
presence of external electric fields. Based on the observations made by 
Svedberg^ and himself® regarding the conductivity of PAA and AAPA, 
Carr concluded that the anisotropic character of conductivity is the cause 
of their unusual behaviour in the presence of electric fields. According 
to Carr’s model* the torque exerted by the electric field on the space 
charge accumulated at the boundaries of the misaligned regions due to 
conductivity anisotropy in the sample competes with the torque on charges 
appearing in the same region due to anisotropic dielectric polarization. 
The interactions may balance each other, in which case no anomalous 
alignment will be observed, or conductivity anisotropy may predominate 
producing vortical flows which are seen as Williams-Kapustin domains. 
Helfrich'® used this model and derived an expression for d.c. threshold 
voltage that gives rise to Williams ~ Kapustin domains, while Dubois - 
Violctte et j/.** extended Helfrich’s theory to cover time dependent fields. 

The work of Carr® and others*^. i3 shows that the effect of electric 
fields can be categorized into two regimes according to the frequency of 
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the applied field. (1) The low frequency region where anomalous align- 
ment of the director takes place and is attributed to the dominant role 
played by conductivity anisotropy. Hence it is called the conduction 
regime. (2) Relatively high frequency region where normal alignment of 
the director occurs due to dielectric anisotropy and the space charge fails 
to follow the reversals of electric field. This is called the dielectric 
regime. The two regimes are separated by a well-defined frequency called 
the cutoff frequency (/*). The Orsay Group*^ Parker et and Cruder 
€t demonstrated the close relation between the electric and optical 
behaviOur of nematics under the influence of electric fields. 

Subsequently McLcmore and Carr*^ have shown that a highly pure 
sample does not exhibit Williams-Kapustin domains proving that ionic 
conduction is a necessary factor for the anomalous alignment. Finally 
Carr and his co-workers®* showed that anomalous alignment of four 
different kinds can be distinguished in nematic samples depending on 
the relative signs and magnitudes of the dielectric and conductivity 
anisotropies. 

The present work deals with a detailed investigation of the electric 
field effects on the nematic liquid crystal-ethoxyphenylazophenyl hexanoate 
( EPAP-Hex ) using dielectric measurements at radio frequencies for the 
first time. This compound has negative dielectric anisotropy and positive 
conductivity anisotropy. Hence this is expected to exhibit that class of 
anomalous effect which is shown by PAA and AAPA. 

2. Experimental 

The commercial EPAP-Hcx sample obtained from Eastman Kodak Co. 
(USA) was repeatedly recrystallized from petroleum ether till a pure 
sample exhibiting the liquid crystal phase between 75" - 126° C was 

obtained. The dielectric constant was determined using a Franklin 
oscillator-wavemcter combination^^ operating at 1 MHz. The dielectric 
cell was formed by two metal coated glass plates supplied by Corning Co. 
(USA). The glass plates were separated by a 0*9 mm diameter copper 
wire which makes electrical contact with one of the metal surfaces only 
and serves as the earth lead, while another piece of copper wire of the 
same diameter makes contact with the second surface and acts as the 
‘ live * terminal. The assembly was held in position by two thick brass 
plates screwed at the four corners. The capacity of the cell was found 

to be 19 pf. The cell was housed in a box type electrical furnace to 

maintain the sample at the required temperature in the liquid crystal 
phase. The brass plates and the walls of the furnace have windows to 

facilitate simultaneous visual observations on the formation of, domains in 
the sample. External electric field was applied through suitable electrical 
connections. In this sort of arrangement external electric field can be 
applied only parallel to the measuring r.f. field, while magnetic field may 
be applied parallel or perpendicular to the r.f. field by rotating the cell 
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through 90° between the pole pieces of the magnets. The resistivity of 
the sample was measured using a Radart A.C. Millivoltmcter ( type 343 ) 
in conjunction with a Philips A.F. generator (type GM 2308 ). 


3. Results and discussion 

3.1 Electric field dependence of the dielectric constant e 

For a negative dielectric anisotropic liquid crystal, external electric field 
parallel to r.f. measuring field is expected to turn the director, i.e., the 
long axes of molecules, perpendicular to the electric field direction E 
such that the measured dielectric constant is higher. But the application 
of 25 Hz electric field parallel to the r.f. field causes a decrease in 
the dielectric constant which is anomalous. The decrease in dielectric 
constant is dependent on both the strength and frequency of the applied 
electric field. The behaviour of c as a function of E, the electric field 
strength at different frequencies is shown in figure 1. At each frequency, 
the dielectric constant has a steady value till the electric field crosses a 
threshold voltage and afterwards it fails abruptly. The variation of dielec- 
tric constant at 960 Hz is interesting. In this case the dielectric constant, 
instead of keeping steady, increases with the electric field strength upto 



Figure 1 Dielectric constant call MHz as a function of external voltage V for 
EPAP Hex at 82® C when magnetic field is not present, the individual curves 
• showing the variation of c at different frequencies of the external electric 
field 
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the threshold, and above it, it decreases. The initial increase in e indi- 
cates the tendency of the director to prefer a perpendicular orientation 
with respect to E as expected on dielectric considerations but above the 
threshold the conductivity anisotropy appears to play a dominant role. 
The conductivities measured at 200 Hz which is sufficiently high to avoid 

polarization effects at the electrode surfaces are an ( - ) « 1»8 x 10“^ 

1 

mho/cm and 1.4x 10^^ mho/cm and the conductivity 

anisotropy is A a « 0-4 x 10“’ mho/cm. Thus the sample shows positive 
conductivity anisotropy, « 1*3 which competes with negative dielec- 
trie anisotropy. In its behaviour, this is similar to PAA and AAPA. 

Simultaneous visual observation of the sample was made through the 
windows provided in the cell walls. The threshold voltage for the ano- 
malous alignment was found to be in close agreement with the voltage to 
form the domains in the sample. 

3.2 Frequency dependence of alignment of the director 

The variation of the dielectric constant, c, as a function of the frequency 
of the applied dielectric field of strength 1»1 kV/cm is shown in figure 2. 
As the frequency is increased, the anomalous variation in t decreases. 
This implies that the nematic director gradually lends to prefer a direction 



Figwe 2 Dielectric constant c at 1 MHz as a function of the frequency ‘ f ’ of the 
external electric field for EPAP Hex at 82® C. Applied field strength I.l kV 
cm-t. 
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perpendicular to E in an attempt to approach the usual behaviour. The 
normal alignment is achieved at 970 Hz* and c shows saturation. It may 
be thought that with an electric field above 970 Hz frequency a complete 
perpendicular alignment of long axes of the molecules has been attained 
and the corresponding e value is regarded to represent this situation as 
shown by the upper dotted line in figure 2. However, the degree of align- 
ment of long axes parallel to the electric field, achieved by low frequency 
electric fields, is found to be less in comparison with an external 
magnetic field. The parallel alignment of long axes of molecules caused 
by a magnetic field of strength 1500 G acting parallel to the r.f. field is 
shown by the lower dotted line in figure 2. 

3.3 Frequency dependence of c in the presence of a magnetic field 

The effect of electric field of different frequencies on molecular alignment 
in the presence of parallel and perpendicular magnetic fields has also 
been studied. The effect of a 400 G magnetic field acting parallel to the 
r.f. field is shown in figure 3. 



Figure 3 Dielectric constant c at 1 MHz as a function of the external voltage of 
different frequencies in the presence of a 400 G magnetic field acting parallel 
to the electric field in EPAP Hex at 82° C. 


The changes in the molecular alignment in the presence of a perpen- 
dicular magnetic field resemble those without a magnetic field (figure 1 ). 
The Jhreshold voltage are higher in this case. The t is nearly constant 
with increasing E upto a threshold value and then it decreases. 
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In the case of a parallel magnetic field, the dielectric constant increases 
with the increasing electric field strength upto a threshold voltage charac- 
teristic of each frequency. The increase in t below the threshold voltage 
suggests that the director is turned away from the magnetic field due to 
the negative dielectric anisotropy of the material. 

In the case of low frequencies, at the threshold voltage the conducting 
impurities come into operation and anomalous behaviour is exhibited by «, 
while at 800 Hz and above, « reaches a steady value, indicating that 
changes due to conductivity anisotropy cease to operate. 

In both cases of parallel and perpendicular magnetic fields, there is a 
definite identifiable threshold voltage, above which only, the anomalous 
alignment is observed. 

3.4 Alignment in the presence of a 500 Hz electric field 

The degree of alignment obtained by a 500 Hz electric field at various 
magnetic field strengths both in a parallel and a perpendicular configuration 
has been studied. Figure 4 shows the results for the case of parallel 
magnetic field configuration. 



POTENTIAL DIFFERENCE, V 


Figure 4 Dielectric constant c at 1 MHz versus external voltage V of frequency 
500 Hz in the presence of parallel magnetic field of strengths 250 O, 400 G 
and 1100 G in EPAP Hex at C. 


With 500 Hz electric field, which falls in the conduction regime 
( 500 Hz < /, ), the director prefers a parallel orientation with respect to 
the electric field. For low magnetic fields acting parallel to the r.f. field, 
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the external electric field below the threshold causes perpendicular align- 
ment of the director which can be associated with negative dielectric 
anisotropy. At the high magnetic field strength of 1100 G anomalous 
alignment is not observed. This may be due to the fact that the threshold 
voltage for inducing anomalous alignment varies with magnetic field 
strength and the voltages used in the present case are not sufficient to 
cause an anomalous alignment. This is supported by the non-formation 
of domains. Further the increase in e is less rap^d as the strength of 
magnetic field is changed to high values implying the increasing stabiliza- 
tion achieved by the magnetic fields and the reduced influence of E. 

The dielectric behaviour of the sample under the influence of a per- 
pendicular magnetic field resembles the results shown in figure 1. 


3.5 Frequency dependence of the threshold voltage Vth 

The threshold voltage for the anomalous alignment is frequency depen- 
dent and its dependence in the case of EPAP Hex is shown in figure 5. 
The nature of variation of Vu. below the cutoff frequency is found to 
satisfy the Dubois-Violetle et al. theory* >. According to this theory, the 
frequency dependence of the threshold voltage in the conducting regime 
is given by 

(///c)M/ll-(///c)M (I) 

where = V, I ( V - I is the d.c. Hcifrich voltage, the d.c. threshold 
voltage for forming domains, and fc is the cutoff frequency given by fc = 
IZttt, where t is the space charge relaxation time given by 
T-i = 47r<T|| /C|| . is the Carr-Hclfrich-Orsay parameter characteristic 

of the material and is defined by 



I + ■n./^i 


I ^ X 

on * ^ 


e,= eii -*1 is the dielectric anisotropy; 

y, )/2 where >), and r )2 are the Micsowicz viscosity coeffici- 
ents and yi is the twist viscosity. 

Originally Dubois-Violette et al. have designated © = - e. ( - 1 ) as 

the Carr-Helfrich parameter but it has become a common practice to call 
i;2 as the Carr-Helfrich-Orsay parameter^' 

The parameter involves many unknowns and cannot be calculated. 
Instead, the value of CM = 3'5) is first obtained using the experimental 
data at’ 500 Hz and /. = 970 Hz and V„= 10 V as obtained from figure 5. 
This value is close to 3*2 obtained for MBBA by the Orsay group**. 
Using the value of = 3*5 in equation ( 1 ), Vo, at other frequencies are 
calculated and are shown below. 
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/ 

Hz 

Calculated 

Volts 

Fa 

expt. 

Volts 

200 

10-7 

11 

500 

15-0 

15 

800 

28-9 

30 

900 

47-5 

50 

950 

89*6 

90 


The calculated threshold voltages are in fair agreement with the 
experimentally obtained values, and the value 3*5 for be regarded 

as reasonable. 

In figure 5, the dependence of Kth on frequency in the presence of 
external magnetic fields is also shown which reveals that the influence 
of a parallel magnetic field is diflferent from that of a perpendicular 
magnetic field. 



FREQUENCY (H,) t 

The variation of threshold voltage for the formation of domains with the 
frequency ‘f ’ of the external electric field for nonmagnetic field case and 
for parallel and perpendicular magnetic fields of strength 400 O in JgPAP 
Hex at 82® C. 


Figure 5 
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These experiments have not been extended to higher frequencies, into 
the dielectric regime, to observe the ‘fast turn-off mode’ll as the 
voltages available with the present experimental system are low. 

These results show that the effect of a perpendicular magnetic field is 
different from that of a parallel magnetic field on the anomalous alignment 
of the director in the presence of an external electric field. In the 
absence of a magnetic field, the torque due to conductivity anisotropy 
has to overcome the torque due to dielectric anisotropy only. When a 
magnetic field, greater than the critical value as given by Frccdericksz- 
Zolina condition^^ is introduced perpendicular to E, the director is 
stabilized into a direction that is hard for the flow of earners. The 
conductivity anisotropy has to contest with an additional torque, that due 
to diamagnetic anisotropy. So stronger electric fields are needed to create 
the instability in the sample. This means that the nature of variation in 
e is essentially the same as in the no-field case except for tlie shift of 
Vth to higher values. When the magnetic field is changed to a parallel 
configuration, the director aligns into this direction ( see inset in 
figures 3 and 4 ). This is the easy direction for the earners and so there 
will be negligible torque due to conduction anisotropy at lower electric 
field strengths. But these fields are enough to tip the director and cause 
an initial increase in e. As the electric field strength is increased, the 
director is turned away from E and //. This creates misaligned regions 
in a sample which was originally stabilized by //. Space charge builds up 
and conductivity anisotropy steps in to restore the director into a direc- 
tion easy for the carriers and this produces the instability. In the case 
of strong magnetic fields, the director is highly stabilized along H and 
the dielectric torque cannot cause the change in its alignment that is 
needed to produce anisotropic carrier pile-up and that leads to the even- 
tual^ instability. This view is supported by the only small increase in t 
when high magnetic fields are applied. It may be that only a few mole- 
cules have changed their direction, instead of groups of molecules. Obser- 
vations similar to the above were made by Twitchel and Carr^ and Carr®. 
Helfrich^® has obtained expressions and has shown that d.c. threshold 
voltage for anomalous alignment will be greater for parallel magnetic 
field than for perpendicular field. 

These results thus demonstrate that r.f. dielectric constant can be 
used as an effective probe to elicit information about the nature of the 
alignment of the director in the presence of external electric and magnetic 
fields. 
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Abstract. Using Raman scattering, we have measured the relaxation 
time of the electric field induced hydrodynamic turbulence in the bulk 
of several nematic liquid crystal samples as a function of temperature. 
The temperature dependent behavior of the liquid crystals of azo- 
compounds IS found to be rather different from that of azoxy com- 
pounds, In both the azo and the azoxy compounds the relaxation 
time can all be fit to the Arrhenius type of activation process. While 
in the azo compounds the magnitude of the activation energy is found 
to correlate with the length of the molecule, in the azoxy compounds 
this correlation does not apply. 


1. Introduction 

Optical properties of liquid crystals in the nematic phase are sensitive to 
an applied electric field. For example, when an electric field is applied 
to thin layers of a nematic material sandwiched between a pair of conducting 
glass plates, two important electro-optical phenomena occur. At low 
voltage (but still greater than a certain threshold voltage), the thin liquid 
crystal layer first develops stationary domain structure, known as William's 
domain*. At high voltage, the stationary domain structure gives way to 
turbulence and the nematic liquid crystal strongly scatters light. The 
strong light scattering due to the onset of turbulence is referred to as 
dynamic scattering^. It is these effects, domain formation and dynamic 
scattering, when an external field is applied to liquid crystal films that 
make liquid crystals important materials for many optical display devices. 

The electrohydrodynamic instability that gives rise to dynamic scattering 
has been the subject of several experimental and theoretical investigations. 
For thin liquid crystal films of a few /im (micrometer) thickness, the 
nature of. the electrohydrodynamic instability depends on the frequency, 
field strength of the applied electric field, as well as on the initial degree 
of alignment^, the thickness of the sample^ and the surface state of the 
electrodes^. Moreover, it depends also on the sign of the dielectric aniso- 
tropy of the molecules^, impurity levcls^^ and temperature. 
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In this paper, we wish to report the study of the relaxation of the 
electrohydrodynamic instability of several liquid crystal bulk samples. 
Since bulk samples were used, the effects of surface and initial degree of 
alignment are not important in influencing the turbulence. It should be 
emphasized that the optical properties of a bulk sample are often quite 
different from that of a thin film sample. 

Our study utilizes the laser Raman scattering technique. The experimental 
details are described in section 2. The materials that we have studied in 
this work include some typical azo and azoxy compounds. The azoxy 
compounds are p-azoxyanisole (PAA), 4,4'-Bis ( hexyloxy ) azoxybenzene 
( HAB ). The azo compounds arc p-( p-ethoxyphenyl-azo ) phenyl unden- 
cylcnate (PPU), /)-(p-ethoxypehnyl-azo ) phenyl valerate (PPV) and 
/?-(p-elhoxyphenyl-azo ) phenyl heptanoate (PPH). 

2. Experimental 

The schematic diagram of the experimental setup is shown in figure 1 A CW 
He-Ne laser with a power of about 80mW was used to excite the Raman 
spectra of the liquid crystalline samples. Except for HAB. all samples used 
in the experiment have been zone refined continuously for about ten days 
However, both purified and unpurified HAB samples were used in the 
experiment. All of these compounds have strong Raman bands in the 
1 100-1500 cm-i region. Except for the HAB sample, the Raman spectra 
of all the compounds have been found to agree with those reported in 
literature*-"). The strong peak at 1141 cm-' reported in ref. 9 was found 
to be absent in our spectra of both purified and unpurified HAB samples 
It is likely that this peak is an undiscriminated He-Ne laser fluorescent 
line which was mistakenly taken as a Raman peak. 
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Figore 1 Block diagram of the experimental setup. 
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To study the electric field effect, we placed the sample between two 

flat stainless steel electrodes (separated by 2mm) which are situated in 

a 1 cm X 1 cm X 4 cm rectangular pyrex glass cell. The linearly polarized 

laser light was made to propagate in a direction perpendicular to the 
applied electric field. The scattered light w'as collected in a direction 
normal to both the incident laser beam and the applied electric field. 

The variation of sample temperature was achieved by placing the 
electrode-containing glass cell in a large aluminium heating block, whose 
temperature was changed by controlling the current of a heating tape 
wrapped around the block. The sample temperature was measured by a 
chromel-alumel thermocouple which was in direct contact with the sample. 
The sample temperature was accurate to TC. 

The Raman spectra of the sample with and without the presence of a 
dc field were taken by simply scanning the monochromator, and the 
photomultiplier output was processed by a PAR boxcar integrator operating 
in the continuous gate mode. 

In the presence of turbulence due to the application of an electric 
field, the intensity of all Raman bands are found to decrease drastically, 
but without any shift in the peak positions. As a result, it is possible 
to use the Raman intensity to monitor the relaxation behaviour of the 
electrohydrodynamic turbulence. 

The relaxation times (to be defined later) of the electrohydrodynamic 
turbulence of the various liquid crystals in the nematic phase were 
measured by scanning the spectrometer to a position corresponding to a 
certain Raman spectral peak. The change in the spectral peak intensity 
when the electric field was suddenly turned off was monitored by a 
FW^130 photomultiplier followed by a boxcar integrator. 

The electric field was applied to the electrodes by a power supply 
which is capable of delivering continuously and variably from 0 to 25 kV 
dc voltage. The dc voltage was square-wave modulated with a rise time 
of 2 X l(y-^ sec. by applying an external square wave potential provided 
by the boxcar going through an amplifier. 

The boxcar integrator has been used to perform two primary functions : 
(1) detecting the signal only when the electric field is on ; (2) slowly 
sweeping the interval between the turning off time of the applied pulse and 
the gate opening time. The time dependent behaviour of the relaxation of 
the electric field induced turbulence can then be recorded on a strip chart 
recorder. The pre-amplifier is used mainly for impedance matching between 
the photomultiplier and the boxcar integrator. The turbulence can be 
avoided if the applied pulse electric field has very narrow width, thus the 
clect/ic field effect on the Raman spectra other than the turbulence effect 
can be separated out ( No effect was observed ). 
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3. Results and discassion 

The results of the relaxation time measurements are shown in figure 2 as 
a function of temperature for the samples mentioned above. The applied 
electric field in our experiment ranges from 3 kV/cm to 12 kV/cm, 
Within this range the change in relaxation time is negligible within the 
experimental error. If we refer to the difference between Raman intensities 
with the field on and off as A*, the relaxation time is then defined as the 
time required for the intensity difference to reach 1/e of the A I value after 
the field is suddenly turned off. 

According to the scattering geometry used in this experiment, the 
decrease in Raman intensity due to the onset of turbulence is a measure- 
ment of all the light scattered both in the directions parallel and perpendi- 
cular to the applied electric field. The relaxation time measured from the 
scattered light polarized along the external field direction is found to be 
identical to that perpendicular to the field direction. This indicates that 



^tgiupt 2 The cicctrodynamic turbulence relaxation rate (^) for various nematic 
liquid crystals as functions of the reciprocal of temperature (K) on 
semi-logarithm plots. The straight lines arc the fit to the function* 

oc exp ( -EIRT) ; where the values for E are : ( 1 ) PPU = 25.5 kcal/ 

mole ( 2 ) PPH = 5 kcal/molc ( 3 ) PPV = 0 ( 4 ) PAA = 255 kcal/molc 
(5) HAB= 13.5kcal/mole. 
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the dynamic scattering is independent of the electric field direction, and 
there is no molecular alignment induced in the bulk sample by the electric 
field when turbulence occurs. 

Nematic liquid crystals may be regarded as fluids with either positive 
or negative dielectric anisotropy. For those exhibiting positive dielectric 
anisotropy ( this applies to molecules having large dipole moment in the 
direction of the long molecular axis), the alignment will be with the 
molecules’ long axes (more accurately the director) parallel to the field 
under the influence of a DC or AC potential. This has in fact been 
confirmed. 

Field effects on nematic substances having negative dielectric anisotropy 
are more complicated. Although one intuitively expects that if an 
externally applied electric field is indeed the prevailing alignment force 
liquid crystals with negative dielectric anisotropy should align in a 
direction perpendicular to the external field. However, materials with 
negative dielectric anisotropy have often been found to align more parallel 
than perpendicular to the field at low frequency AC or in DC fields 
because of positive conductivity anisotropy. 

In the work on the azo compounds which display positive dielectric 
anisotropy, Gruler and Meier^ have reported that these compounds display 
domain hydrodynamic flow above the threshold field of about 700 V/cm, 
but the hydrodynamic flow vanishes at fields greater than 2 kV/cm, due to 
the fact that at higher fields the domains change into inversion walls. We have 
found, however, that in the three azo compounds ( PPU, PPH and PPV ), 
the phenomena of hydrodynamic flow persists upto a very high field 
( > 10^ V/cm) in their nematic phases. We have not measured the 
dielectric anisotropy of PPU, PPH and PPV, but according to the work 
repcTrted by Avadhanlu and Murthy at this conference'*, PPU, PPH and 
PPV are found to be dielectrically negative. It is therefore of interest to 
examine further whether the difference in the electrohydrodynamic instabi- 
lities between the two types of azo compounds are due to their difference 
in the dielectric anisotropy. 

As shown in figure 2, the relaxation time displays very different 
temperature dependence for the three azo compounds. For PPV, the 
relaxation time is practically independent of temperature throughout the 
nematic range, whereas for PPU, it is strongly temperature dependent. 
PPH gives results which are intermediate in nature to those of PPU and 
PPV. From thin film studies, Koelmans et al.^ have shown that the 
turbulence relaxation time should have a temperature dependence similar 
to shear viscosity. 

If the observed temperature dependence of the relaxation rates ( Ti ”* ) 
given in figure 2 is fit to the Arrhenius relation, PPV then corresponds 
to a very low activation energy ( £« » 0), PPH to = 4.96 ± 0*5 kcal/ 
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mole and PPU to £. = 25.5 ± 0.5 kcal/mole. One notes that the mole- 
cular length of PPU is greater than PPH which is in turn greater than 
PPV. Therefore, on' the basis of length considerations, the temperature 
behavior of the relaxation time seems to correlate with the length of the 
three molecules. 

However, the correlation breaks down in the azoxy liquid crystals. As 
one secs in figure 2 the relaxation time of PAA is extremely temperature 
dependent. If one correlates the temperature dependence of the relaxation 
time according to the Arrhenius expression, one obtains £» for PAA 
equal to 255 kcal/mole. In HAB £» = 13*5 kcal/mole was obtained. 
Since HAB has a considerably greater molecular dimension than PAA, on 
the basis of the length consideration one would expect that the relaxation 
time in PAA will be less temperature dependent than in HAB. But only 
the opposite result was found experimentally. The picture of molecular 
aggregates consisting of several molecules acting collectively must be 
invoked in order to account for the enormous activation energy and the 
large temperature dependence in clectrohydrodynamic relaxation time. At 
the present, no theory is available to account for the observed temperature 
dependence. 
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Abstract. The natural convection phenomenon in a nematic liquid 
crystal is examined from the continuum theory point of view as well 
as by considering the liquid crystal as an isotropic viscoelastic 
Maxwellian fluid. From the existing theory on the onset of thermal 
convective instability (“oscillatory instability or oveislability ’’ as dist- 
inguished from “ stationary neutral instability or Benard convection’’ 
for purely viscous, isotropic liquids ), it appears that both theories 
predict a greatly reduced critical or threshold Rayleigh number for the 
onset of convection. This is because of the destabilizing effect of 
clastic stress relaxation in the viscoelastic model whereas it is due to 
the anisotropic viscoelastic and thermal properties in the continuum 
theory. The presence of rigid boundaries having a stabilizing effect 
IS taken into account in the viscoelastic theory. These ideas are 
discussed as possible explanations for the unusual boundary effect on 
the thermal conduction in nematic liquid crystals. 


Introduction 


Thermal convection in purely viscous fluids healed fiom below is well 
understood. Convective flow is caused by the buoyancy forces generated 
by density gradients in the fluid subjected to a temperature gradient field. 
This classical Benard problem is analyzed in great detail in the literature* 
for diflfcrent types of boundary conditions. Recent analyscs^.s seem to 
indicate that the anisotropic viscoelastic behaviour of nematic liquid 
crystals along with their anisotropic thermal conductivities ofTor the pos- 
sibility of very low critical Rayleigh number for the onset of natural 
convection in comparison with that for ordinary viscous liquids. These 
analyses have been made for planar^ and homcotropic^ samples of nematic 
MBBA* using the principles of continuum theory^. When heated from 
below^^ for a planar sample. 



1 

pCKi} J 


(1 ) 


(p-mcthoxybcnzylidcne-p-n-butylaniline ) 
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where 

AT'c ( T^bottom - 7', op ) = thershold temperature difference between the 
two rigid boundaries, = viscosity ^ ( aj -f a4 — a, ) / 2 : *2 < 0, 
a's - Leslie viscosity coefficients^, - bend elastic constant, p = density, 
C = heat capacity, a volumetric expansion coefficient, k ~ wave 
number of convective oscillation* {^Trjd), d= sample thickness, 
A'li = thermal conductivity along the nematic axis, anisotropy = 

(All - Ai)> 0 for MBBA. 

It is clear from the preceding equation that AT'c decreases with in- 
creasing d and also with increasing k^. The sample is thermally unstable 
at very low /\T as the degree of anisotropy increases. Using this idea, a 
qualitative explanation of the thermal conductivity data for MBBA (from 
an-hglil Co.poration ) and PAA (p-azoxyanisole from K & K Laboratories ) 
shown in ligu es 1 and 2 has been g ven elsewhere’. The^e data were obtained 
in a confined thermal conductivity cell heated from above. As discussed 
in tint paper, convective flow can occur even in viscous liquids heated from 
above in a confined cell w,th non-uniform boundary temperature distribu- 
tion. In both MBBA and PAA samples, the data seem to indicate parallel 
orientation at the surfaces. Also, the degree of anisotropy for PAA is 
very much less compared to that of MBBA. There is also a possibility 
of a negative anisotropy for PAA as opposed to the positive anisotropy 
for MBBA. The sign of anisotropy for PAA is still unresolved in view 
of the conflicting conclusions of different workers. The presence of im- 
purit.es may have more influence on the properties of PAA which could 
be a possible explanation of the above conflict. It is not the object of 
this paper to repeat this discussion as a complete literature review on 
heat transport m nematic liquid crystals is available®. 



Flfurt 1 Thermal conductivity data and critical temperature difference calculation for 
MBBA. 
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Figure 2 Thermal conductivity data and critical temperature dilTercnce calculation for 
PAA. 

In this paper, an alternate possible explanation of the data of 
figures 1 and 2 will be given on the basis of the theory of heat convection 
in viscoelastic materials. 


Theory 

The classical B^nard problem has been recently extended to study the 
onset of thermal instability in a horizontal layer of viscoelastic fluid, 
hea4ed from below®*^. The case of a Maxwellian viscoelastic fluid (a 
special case of the general Oldroyd fluid^ ) will be considered for this 
discussion. The analysis is very similar to the one for viscous fluids*. 
Approximate solutions for different conditions are available®*^ for the case 
of a viscoelastic fluid layer bounded by two parallel, horizontal infinite 
planes, heated from below. We will not go into the mathematical details 
but use only the major conclusions. 

The viscoelastic behaviour of nematics is well known, past experiments 
with such materials show that they relax in the presence of a reorienting 
shear or any other type of field. An orientational relaxation time A 
attributed to the rotational Brownian diffusivity Dr is of the order of 
2 seconds A csf l/6f>r) as reported for PAA (Ref. 13 of 6). Since the 
shear stress is a function of the molecular orientation^, it is assumed as a 
linear approximation that the stress relaxation time in the Maxwellian 
model is of the order of A. The constitutive equation for a Maxwellian 
fluid is 


[ 1 -f A (.* + K, ot))] Tu - ) 


( 2 ) 
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where 

Tjj = stress tensor, -= velocity vector, /jl = viscosity, t = time, 
X stress relaxation time s 0 for Newtonian fluids. 


The onset of thermal instability in such a viscoelastic layer heated 
from below, as indicated by the mathematical analysis is referred to as 
‘ overstability or oscillatory instability’ to differentiate from the ordinary 
B<inard roll convection or ‘neutral stationary instability’. The solutions 
have been givcn'*-*^ for the critical Rayleigh number for the onset of 
convection as follows : 


where 


Rdc ^ function ( Fo, Pr ) 

Rac ="-■ » critical Rayleigh number, 

ko^ 


Pr 

Fo 

ko 


, Prandtl number, 
ko 

Fourier number, 

PCr/‘ 

isotropic thermal conductivity 
( /tii f 2A'i) / 3 for nematics 


(3) 


The solutions**^ as per equation 3, indicate that the presence of elasticity 
( relaxation time A ) destabilizes the fluid layer thereby considerably 
lowering Roc as compared to that for purely viscous fluids ( A ^ 0 ). The 
presence of rigid boundaries on the other hand have a stabilizing influence 
over the fluid layer. Thus, the magnitude of Roc is decided by the thick- 
ness over d of the fluid layer also. 

Table 1 gives the theoretical solution*-’ for Rac for different parameters. 
In order to evaluate the A Tc for each d, the properties used for the two 
nematics are tabulated in table 2. The value of ko is used assuming 

random bulk orientation of nematic swarms in the free state -i.e., free 

from the orienting influence of boundaries and fields. This is reasonable 
in moderately thick samples ( in the range of d studied) if we ignore the 
thin oriented layer near the boundaries and consider the sample to be 
macroscopically isotropic. It is clear that there is a substantial reduction 
in Rac as A increases and as d decreases. The case of purely viscous fluids 
(Fo 0) corresponds to cither as co or as A -► 0. In the present 

case, A is assumed to be the same for both nematics and also to be 

independent of d. From the results of table 1, at each d can be 

calculated for each nematic. The theoretical curve of aTc \s d is shown 
in figures 1 and 2 for MBBA and PAA respectively. For large gaps, the 
material tends to behave as an isotropic viscous fluid - /.e., Rac - 1700* 
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Table 1 Critical Rayleigh Number Calculations s.** 


P'^/Fo 

0» 

0-1 

1 

10 

100 

1 

1700 

872-2 

51-2 

4-64 

0-459 

10 

1700 

230-0 

7-5 

- 

— 

102 

1700 

128-5 

2-2 

0-073 

0-0049 

10^ 

1700 

108-0 

1-29 

__ 

- 

10^ 

1700 

102-6 

1-08 

0-0127 

0-0002 

Table 2 Physi 

ical Properties'^ 







MBBA (25°C) 

PAA ( 125° 

ko cal/cm sec 



4 X 10-^ 


3 X 10-^ 

C cal/g °C 



0-5 


0-5 

P g/cm*^ 



I-O 


I-O 

/jL g/cm sec 



0-4 


0-03 

a ( °C )-» 



10-3 


10-3 


and is independent of d. Thus, a minimum and maximum in the 
threshold aTc is observed with A Tc co as </ -> 0 and aT, ->0 as <:/-► oo. 
The dotted lines in the figures show the extrapolations and the limits. 

In the present data on thermal conductivity, the mea^^uremenfs were 
made in a confined cell heated from above®. As mentioned before^, convec- 
tion can occur in such a cell because of the non-uniform temperature distri- 
bution over the surfaces. Since convection is possible, it can occur at very 
low aTc for the present case of Maxwellian viscoelastic behaviour. As discu- 
ssed earlier, the anisotropy of the nematics tends to reduce the aT^ further. 
This theory then predicts that the present data may involve convection 
especially in the region of gaps where aTc shows a minimum. A quanti- 
tative comparison is not attempted now because the theoretical solution 
is limited to the case of isotropic materials heated from below. However, 
qualitatively, it is concluded that because of convection, one would expect 
a maximum in the effective conductivity data. This does appear in the 
experimental data for MBBA samples. The scatter in the region of the 
maximum is due to the convective flow instability in the material. 

The behaviour of the experimental results for PAA is different in that 
there is a monotonous decrease in the with increasing cl. A possible 
reason fo^ this is due to the degree of anisotropy of PAA being very 
much less (perhaps of different sign also!) compared to that of MBBA^. 
Thus, if anisotropy is incorporated in the present viscoelastic theory, the 
effective aTc for MBBA would be far less compared to that of PAA. Since 
the aT used in the measurements for both were of the same order. 
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convection would be more dominant in MBBA. Thus, it appears that the 
data for PAA is practically free from convection. A slight discontinuity 
is however observed in the data of PAA ( figure 2 ) where A Tc is a minimum. 
The decrease in A:, with increasing d was explained as an interfacial effect 
earlier^. The same would be valid now for the convection. For small d, 
the data appear to be free from convection with conduction being 
dominant - /.e., Are -► as 0 and similarly for large gaps as 

d-^oo provided Ra < 1700 to avoid B^nard convection. Even though 
the A:, values are extrapolated values for zero heat flux, there could still 
be a convective component for intermediate gaps. 

For both MBBA and PAA a minimum k^ is not observed perhaps 
because d was not sufficiently large. It might not be possible to avoid 
B^nard convection when d is very large. 


Concluding remarks 

A possible qualitative explanation of the boundary effect on thermal 
conduction in nematics on the basis of the theory of thermal 
instability in viscoelastic materials has been given. A quantitative 
explanation is possible by improving upon this theory for anisotropic 
materials like nematic liquid crystals and also by using more accurate 
properties. The actual aFc may be far less compared to the calculated 
value since the relaxation time A may be very large. Recent observations 
on convection flow cell generation* seem to support this. The direct 
influence of the boundaries and temperature gradients on the orientation 
of the molecules below the threshold of instability is also important. 
There is some amount of approximation in the solution of the theoretical 
equations. It is not obvious at this stage how the confined cell with 
heating from above could be theoretically analyzed taking all the above 
factors into account. 

References 

1 Chandrasekhar S Hydrodynamic and Hydromagnetic Stability^ Oxford University Press, 

Chapter II ( 1961 ) 

2 Dubois-Violette E C.R, Acad. Sci. Paris 273B 923 ( 1971 ) 

3 Fredrickson A Q Principles and Applications of Rheology, Prentice Hall, Chapter 6 

( 1964) 

4 Leslie F M Arch. Rati. Mech. Anal. 28 265 ( 1968) 

5 PiERANSKi P et.al., Phys. Rev. Lett. 30 736 ( 1973 ) 

6 Rajan V S V and Picot J J C Mol. Cryst. Liquid Cryst. 20 55 ( 1973 ) 

7 Rajan V S V and Picot J J C Mat. Res. Bulletin 9 311 ( 1974 ) 

8 Takashima M /. Phys. Soc. Japan 33 511 ( 1972) 

9 Vest C M and Arpaci \ S J. Fluid Mech. 36 613 ( 1969 ) 



Pramd^a, Suppl. No. 1, 1975, pp. 311-323 


The theory of reflexion and transmission by plane parallel 
cholesteric films 

RAJARAM NITYANANDA* and U D KINI** 

* Materials Research Division, National Aeronautical Laboratory, 
Bangalore 560017 

Raman Research Institute, Bangalore 560006, India 

Abstract. The theory of propagation in an infinite cholesteric medium 
is applied here to the problem of a sample bounded by plane parallel 
surfaces normal to the optic axis. For each circular polarization at 
normal incidence, the reflected and transmitted waves arc found to 
consist of both circular polarizations. Thus, four coefTicients of refle- 
xion and transmission are needed to describe the problem fully. These 
have been calculated in a closed analytical form, which has the correct 
behaviour in various limiting cases. Numerical computations are used 
to investigate the effect of finite sample thickness in modifying the 
rotation and circular dichroism predicted from the infinite medium 
theory. This is of importance in interpreting the results of experiments. 


Introduction 

The theory of the propagation of light along the axis of a cholesteric 
liquid crystal was first given by de Vries^ using the Oscen^ moille for the 
dielectric tensor, subject to certain approx mations. ( For a discussion of 
these approximations, see, N tyananda'’, hereafter referred to as I ). 
Recently, an exact solution of this problem was given by Kats^ and by 
Nityananda^. We now use that solution to calculate the reflection and 
transmission coefficients of a plane parallel cholesteric film. These were 
approximately calculated by de Vries. The novel feature of our calculation 
is the presence of both circular polarisations in the reflecied and trans- 
mitted beams, even if only one circular polarisation is incident. Thus wc 
define ‘diagonal’ and ‘off diagonal’ coefficients and + where, by 

convention, the second suffix gives the sense of rotation of the electric 
vector of the incident wave, and the first the sense of the reflected ( or 
transmitted) wave. For example, /+_ is the amplitude of the ( -f ) circular 
component of the transmitted light for the unit incident amplitude of 
( — ) light.^ The convention is the same as in I, with ( + ) denoting rotation 
in the clockwise sense in the xy-plane. This would be called a right 
circular wave if it travelled along -f z, but left circular if the wave vector 
were, along — z. For a transparent dielectric at normal incidence, ( -H ) is 
reflected as ( + ) and ( - ) as ( - ). A right handed cholcsfcric liquid 
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crystal, studied at a wavelength near the reflection band, reflects ( + ) as 
predominantly ( - ). In his calculation of the reflection and transmission 
coefficients, dc Vries* assumed that the medium on either side of the 
cholesteric film had a refractive index equal to the average for the choles- 
teric. Further, the birefringence §« was treated as a small quantity — an 
approximation which is certainly valid in practice. Under these conditions, 
the transmitted wave has the same circular polarisation as the incident 
wave and one circular wave is reflected, completely reversed in sense. 
This agrees with cxpcrimcnial observations, which approach the conditions 
assumed since the Iiqu d crystal is enclosed by glass slides. The work of 
Chandrasekhar and Prasad^ based on the dynamical theory led to similar 
results. 

The emphasis in the present paper is on removing the restrictions in 
earlier treatments. Thus, the birefringence could be large (as is some- 
times attained by dissolving optically active molecules in a nematic to 
form a cholesteric) and the wavelength far from, or close to the Bragg 
reflection. The refractive index of the surrounding medium can be 
arbitrary. This additional generality has not led to qualitatively new 
results, however. Indeed, Chandrasekhar et al.^ have shown that the 
dynamical theory leads to close quantitative agreement with the exact 
solution presented here in practical cases. The coeflicients like w'hich 
were neglected in earlier treatments would describe Fresnel reflection for 
an isotropic dielectric, and would be of the order of the refractive index 
difference between the cholesteric and the glass slide. A coeflicient like 
L + would vanish for an isotropic dielectric — the formulae given below show 
it to be of order Sn ( this is the local birefringence of the cholesteric). 
When we come to intensities these estimates are naturally squared, so that 
neglecting them has not caused serious error in the earlier w'ork. 


2. Calculation of the reflection and transmission coefficients 

The sample, of thickness 7, is assumed to occupy the region between 
the planes 2 = 0 and 2 = 7, with its helical axis parallel to 2 , i.e., 
normal to the plane of the sample. This is called the plane texture and 
is a commonly used cxpcrimcivial geometry. The incident wave is taken 
to be a general superposition of ( 4- ) and ( ~ ) circular polarisations, 
with complex amplitudes and £_|. (We use the suffix ‘i’ for incident, 
‘r’ for reflected, and ‘t’ for transmitted light.) Its wavevector is (0, 
0, A' ) where K = w/c if the region z < 0 is free space. 

The reflected wave has wave vector (0, 0, -AT) and is a superposition 
of both circular components with amplitudes and In the region 

2 >T, we have a transmitted wave with wave vector ( 0, 0, K) and 
circular components E ± In what follows we use the notation of J in 
which the two circular components are written together in the form of a 
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row or column vector ( 1 x2 or 2x1 matrix). Thus, the incident wave is 
written as 


The reflected and transmitted waves are written similarly (figure 1 ). 


We now have to match these waves outside the cholesteric to a suitable 
solution of Maxwell’s equations within. This solution is given in the 
work of Kats^ and in that of Nityananda^. From general considerations 
we see that there must be four independent solutions for propagation 
along the axis because we have two coupled second order differential 


equations (essentially the wave equation V x (V x E)= — 


\ 

c^ 


^ dt^ 


in component form ) for and Ej or E^ and For example, in an 
isotropic dielectric, these four solutions could just be two linearly polarised 
waves along and two more along — r. For the cholcsicric, the four 
independent solutions are 


V f ^ = [ e ‘ ^ e • ‘*^1 “ 2 q> * ] 

c - ” 2 q> c-‘^i ^ ] 
U f - ’ gjKjzJ 


We choose a linear combination of these four solutions with cocflicients 
h±* h± lo describe the electric field in the medium*. We have four 
boundary conditions to fulfil at each interfiice; one for each cartesian or 
circular component of the electric and magnetic fields. The magnetic 
field can be expressed in terms of the electric field using Maxwell’s 
equations. Because the fields have no dependence on x and y, and no z 
components, these reduce to 


iJ. = i(-k.E,) 


r i 

In terms of the circular components E± = — - we get (tjlc) B ± ~ 

± \ktE±. The factor of ± i means that the magnetic field is at right 


* The expessions for Ki, JT,, d and / are given in Appendix I along with the 
reason for the notation. 
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angles to the rotating electric field and hence leads or lags it by 90® in phase. 
Apart from a constant factor, we get the circular components of the 
magnetic field by multiplying those of the electric field by the wave vector. 
We match these on the two sides of each interface, along with the electric 
fields themselves. 
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Figure 1 The solution of Maxwell’s equations for a semi-infinite and finite choles- 
teric film at normal incidence. The coefficients and 

have to be determined from the boundary conditions. 


The solutions in the three regions are given in figure 1. The matching 
conditions, which are written down in table 1 constitute eight equations for 
the eight unknown quantities in our solution E±t and ty,±. 

The last four appear as intermediate variables only, and the final aim is 
to express E±t and , in terms of which are assumed to be known. 
The coefficients in these expressions are identified with the quantities /•+ + 
etc. defined in the introduction. Thus, 

E ^ r + + E 4. 1 + r ^ - E~ i 
E-t = r-4. E ^ I + r — E 

A similar pair of equations relates to E±i, viz., 

+ I + . 
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Table 1. Boundary conditions for the electric field 


At z =• 0.- 

■^+' ” ^f+ + fit- + + rftb- ( ] ) 

£■-, + £■_, = dr,^ + t,- + + t^- (2) 

At z = T : 

£■+, cxp(iA:r) = t,+ exp ( i/:,r) + ft,.exp[i{K 2 + 2q)T] 

+ 'b+ exp ( - iKiT) + dt^-exp [ - i _ 2^) r] (3) 

£■-, exp(i;iT) = exp [ i ( ATi -2q)T] + f,. exp ( iATjr ) 

+ /tb+ exp [ - i (ATi + 2? ) r] + /k_cxp( - iATiT") (4) 


Boundary conditions for the magnetic field 
At z ^ 0 ; 

~ £+, ) « Kitf^ + /( ^^2 + ^ ) -A’ 2 /b+ “ ( ATi - 2q) dt^- ( I' ) 

£(£_, - ) = i/( - 2 ^)/,+ 4 Kitf- - f{K2+ 2q)t^^' ~~ K\ty,. ( 2 ') 

At z ^ T: 

ATF+j exp ( \KT) -= K\ti^. exp ( \KiT) 4- / ( K2 2 q) exp [ i ( £2 + 2<3f ) £] 
- A:2/b+ exp ( - \K2T ) ^ (Ki - 2 q) dty,- exp [ - i ( ATi - 2^ ) T ] ( 3' ) 

KE-^ exp ( \KT) = d{ K\ — 2 q)tf^ oxp [ i ( — 2 q) 7 ’] + £2^f- exp ( \K2T) 

-/( A:2+ 2 ^)rb+exp[ - \[K2-\- 2 q)T] - ir,r,_cxp( - iK^T) ( 4 ') 


Eliminating and as indicated, wc obtain expressions for the 

reflexion and transmission coefficients, which are given in table 2 . It is 
convenient to define various intermediate quantities Ay B, X and Y with 
suffixes from 1 to 4 , 2 ) and A. This is solely to shorten the expressions 
for r and t. The next section gives the results of numerical calculations 
based on these formulae. 
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Table 2 


- i(l + ^-). ^2= ^ (1 + 


^2 + 2? ^ _ 1 / . ^2 


K 


), ^ = 4(1 - 


A, =f [1 


(Kt-2q) 

K 


4(1 - 5)- 3 f - - 4[l+ 5*], 






[1 + 


(/:,-2</) 


jr, = (a:? - a:2) - jj(a:, - 29 + a:) (a:, - 2q - K) 

X2 - [/( a: + a:, ) ( ATi + 2^ - a:) - </( a: + at, - 2 ? ) ( at^ - a: ) ] 

exp[- i(A:, -2q - K 2 )T] 

Xi - [d(Ki - Iq-K) (A:+ Ki) - f{K+ K 2 + 2q) (/C, - AT)] 
exp [i (AT, -2^ - K 2 )T] 

X^ - (ATI -K^) - P(K 2 + 2 ? + a:) {Ki + 2q - K) 

D - cxp[ - i (AT, + Ar2)r] [( a: + a:i ) (a: + ATz) 

— df ( K + Ki -V 2q ) ( K + Ki — 2q)] 

A = (^iZ) + AiXx + A4X,) {BiD + BiXi + B1X4) 

-{A2D+ A,Xi + A4X, ) {B4D + BiXi + B1X3 ) 

y, - D(BiD + BiXi + B1X4). Yi = -D{AiD + A^Xi + A4X4) 

yj =■ -DiAiD + AiXi + A4X4) , y 4 = D{AiD + A)Xi + A4Xi) 

'** “ — ^ lB,(x,Yt +X 2 r,) + B 4 (Xyr, +X 4 r 3 )i 

'■+- ” ^ - + ^]^ ( -83 (•yiy 2 + Ar2y4) +54( Afjy 2 + j:' 4 y 4 ) ] 
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“^ 45^1 4 " >^31^3 , 1 r . 

“ A Da + A 4 y' 3 )] 

A^Y2 + AiY^ 1 

'■-- “ A + DA ^ +A'4r4)] 

'++ = exp [ i ( a:, - a: ) r ] + ^ / exp [ i ( a:. + 2<7 - a' > r ] 

+ ■f""^2y^3)exp {— i(Ar2 + K) T} 

+ d ( XjYi + A''4Kj ) exp [ ~ i ( Ki — 2 q+K)T\] 

[ji exp 1 H a:j^:;:^a^) t) + 74 /• exp i i ( a'j + 2^ - A" ) r j ] 

4 . = — ^ 

+ 5~ [( ATiK: +A' 2 y 4 )exp l-i(A:2+A')T}+ d(X,Y2 \ X,Ya) 
exp { -i(A:, - 2 ? +a:)T 1 ] 

/-4 = ^ [rfy,cxp (/(A:,- 2 ?-Ar) r } + Kj exp {i (at^ - A:)r) ] 

+ lf(X,y, + X2Y})cxpl _ , ( ATa + 2 ^ + a: ) r j 

4- (ATjy, + A' 4 y 4 ) exp {- i ( a:, + a:) r} ] 

/ - = “ [dY2 exp I i (AT, - 2 g - X) T} + Y4 exp { i(A’2-A:)r} ] 
+ i^A + Ar2y4)expJ - i(X2 + 2g + X)r} 

+ ( Ar,r2 + A' 4 y 4 ) exp 1 _ i ( at, + at) r j ] 

The experimental quantities usually studied are optical rotation and 
circular dichroism. The latter is usually defined by 

D = vtt- V~ 

. V/ + "•’ V / - 

where /+ and are the intensities of the transmitted beam for equal 
incident intensities of the two circular pohrisations. The above 
definition contains the implicit provision that ( -b ) light is transmitted 
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only as ( + ) and ( — ) light as ( — ). Correspondingly, the experimenter 
docs not usually analyse the transmitted light into its circular components 
before making intensity measurements. We have seen in the previous section 
that the transmitted light contains both circular polarisations. To conform 
to the experimental situation, we take the total intensity of these two 
components as or /_ in plotting the theoretical curves. Likewise, 
when computing optical rotation, bearing in mind that the transmitted 
light is in general elliptic, the major axis of the ellipse is chosen as the 
direction of the emergent polarisation. In all the numerical examples, the 
pitch P has been set equal to 0‘3571 m and the birefringence = 0«07, 
the mean refractive index is 1*435, so that the two principal refractive 
indices are 1*4 and 1*47. The thickness T is variable ^d is indicated 
in each figure. The reflection band is centered at A ='nP = 0*5125 m 
and has a width Phn 0*05 m. 

Figure 2 shows the reflection coefficient | | 2 jhis measures 

reflection with change in sense of the circular polarisation, which is the 
characteristic property of the cholesteric liquid crystal. This is for a 
sample of thickness 6 m, and shows the oscillations characteristic of finite 
samples studied by Chandrasekhar and Prasad^ and by Drcher, Meier and 
Saupc®. The spacing of these oscillations agree approximately with what 
would be calculated for a plane parallel film of isotropic dielectric with the 
same mean refractive index and thickness, but their amplitude is of course 
greatly enhanced near the reflection band. 



Flgyff 2 Intensity of reflection with change in sense of circular polarisation as a 
function of wavelength X computed from the formula in table 2. The 
sample thickness is 6 (*•. 
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Figure 3 shows the transmitted intensity T and circular dichroism D 
as functions of wavelength for 4 m ( figure 3^7) and 6 m (figure 3/> ) samples. 
T is plotted for each circular polarisation separately, as indicated by the 
symbols ( 4- ) and ( — ) on the respective curves. As expected, the ( -f ) 
circular component which is Bragg reflected shows a strong dip in trans- 
mission at the same wavelength. The circular dichroism shows a strong 
negative peak there, since 7- > 7-f. The effect of increasing the sample 
thickness is seen by comparing figures 3a and 3b. The suppression of the 
R component in the transmitted beam is more complete, the negative peak 
in D stronger, and the oscillations more closely spaced. Further we sec 
an approach to the case of an infinite medium which has a flat reflection 
maximum. The transmission curve approaches a shape with a flat minimum 
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Flgiire3a Transmitted intensity 7* and circular dichroism D computed as functions 
of wavelength X. Sample thickness 4 p>. 
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Figure 3 b Transmitted intensity T and circular dichroism D computed as functions of 
wavelength X. Sample thickness 6 (l. 

close to zero. The extinction length of the attenuated normal wave at 

the centre of the reflection band is ^ (P/27r) — -w i.4yu in ^ur example^ 

increasing to co at the edges of the reflection band. Therefore, the 
infinite medium behaviour first occurs at the centre and then spreads 
outwards. 
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It is noteworthy that the circular dichroism does not change sign away 
from the reflection band for a non-absorbing sample. It tends to zero as 
the values of T for ( + ) and ( — ) circular polarisations tend to equal. ty. 
The behaviour of absorbing samples is different and the following paper 
discusses it. 

Finally figures 4 a and 4 b show optical rotation as a function of 
wavelength near the reflection band for thickness 1 m and 3 m respectively. 
The dispersion qualitatively resembles that for infinite samples^. However, 



4 Optical rotation rj X. The dotted curve is for incident linear polarisation 
along y, the dashed curve for x. Sample thickness (a) It*- {b) 3 P*. 
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the curve for 7 = 1 M (which is about 3 times the pitch) reveals that the 
rotation angle depends on the azimuth of the incident light. The dashed 
curve shows the rotation for incident linear polarisation along x and the 
dotted one for y. The director of the cholesteric is taken along x at the 
plane 1 = 0. The solid line shows the average. Even this average is not 
proport-onal to thickness — if it were the solid curves would differ only in 
scale. Chandrasekhar and Prasad^ noted the Jhickness dependence and 
studied it experimentally. Ranganath (private communication) has noted 
the azimuth dependence of the rotation for mixtures of right and left 
handed cholesterics when the pitch is much larger than the wavelength of 
light. This azimuth dependence is considerably reduced if the medium on 
either side of the cholesteric matches its avarage refractive index. 

The behav'our of the rotatory dispersion can be correlated to that of 
the circular dichroism via the Kramers Kronig dispersion relation. As the 
thickness is reduced the band of circular dichroism widens and is rounded 
off, so that we expect the maximum and minimum of the rotation to be 
reduced in strength and shifted outwards. The oscillations in the circular 
dichroism are reflected in those of rotation*. 


Sammary 

An exact analytical solution of the problem of reflection and transmission 
at normal incidence by a cholesteric film has been given. This differs 
from earlier treatments in including off diagonal transmission and reflection 
coefficients. Numerical calculations show these to be small, and confirm 
the results of earlier work^ ® on finite specimens. 


Appendix 1 

In the infinite medium theory developed in I the normal waves were given 
by superpositions of two circular waves of opposite sense, with wave 
vectors differing by 2q, for example 

The term with coefficient unity is called the dominant component. There 
are two reasons for this — firstly, that the coefficients d and f never exceed 
1 (in absolute magnitude) near the reflection band, and secondly, that 
they vanish in the limiting case of an isotropic dielectric (8n — 0). In 

the same limiting case, Kx reduces to K, = . The suffixes b and f 


♦ Such a correlation can only be qualitative — to our knowledge no quantitative 
formulation of the dispersion relation has been given for a non-uniform 
medium like cholesteric. While one can study the analytic properties of 
Kx and JTi, we have seen that these do not directly give rotation and circular 
dichroism for finite samples. 
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used in the text refer to ‘backward' and ‘forward'. The normal wave 
written above reduces to a circular wave propagating along + r as d 0, 
and would hence be called ‘forward'. The formulae for Ki AT:, d and / 
are given below. <0 = frequency of incident light, c = velocity of light 
in vacuum, e, and are the principal dielectric constants, 


e = 



P=Pitch, 





K2 = -q I { AKJq^- + ) J'2 ] i'2 
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Abstract. The celebrated Borrmann effect is an anomalous increase 
in transmitted x-ray intensity when a crystal is set for Bragg 
reflexion. In this paper, it is shown that a similar effect occurs in 
absorbing cholesteric liquid crystals in the vicinity of the reflexion 
band. However, in contrast to the x-ray case, the polarization of the 
wave field and the linear dichroism of the molecules play an essential 
part. 

Numerical computations arc presented, based on the general theory 
of reflexion and transmission by oriented cholesteric films. They 
illustrate the role of dichroism and sample thickness in determining 
the magnitude of the effect. 

The existence of the effect is established by experimental studies on 
cholesteryl nonanoate mixed with small quantities of p-azoxyanisolc 
or w-p-methoxybenzylidene-p-phenylazoanilinc. When the reflexion 
band is adjusted to overlap with the strongly dichroic band of 
the solute molecules, the transmission spectrum exhibits the features 
predicted by theory. 


Introduction 

The optical properties of a cholesteric liquid crystal arc well described by 
the model of Oseen*. Locally the molecular axes are, on the average, 
aligned parallel to a fixed direction as in a nematic, so that this is a 

principal axis of the local dielectric ellipsoid. As we move along the z 

axis, this direction of preferred alignment (the director) rotates in the 
x-y plane, sweeping out an angle qz in a distance z. The pitch p is 
defined as the distance along z in which the director rotates through 2ir ; 
thus p — Irrlq. The components of the dielectric tensor are periodic 

functions of position. Many of the features of wave propagation in 
periodic structures which were first studied in the context of x-ray 
diffrfiction by crystals can be observed in cholesterics in the optical range 
of wavelengths since their periodicity is of this order. The selective 
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reflexion of one circular polarisation in a band of frequencies, the 
extinction of that wave within the medium and the anomalous dispersion 
of the optical rotatory power in this frequency region are well known 
experimental facts which have been discussed theoretically by dc Vries^ 
and Chandrasekhar and Srinivasa Rao^ ; the latter authors have em- 
phasized the analogy with the dynamical theory of x-ray diffraction. 

This paper concerns another striking phenomenon which can occur in 
an absorbing periodic medium - the Borrmann effect^- ^ First discovered 
for x-rays incident on highly perfect crystals, this effect consists of an 
(intuitively) unexpected increase in the transmitted intensity near the 
Bragg reflexion setting, which is precisely where a decrease in transmis- 
sion IS expected. Hence the name “anomalous transmission’*. This is a 
consequence of the standing wave nature of the disturbance within the 
medium when the incident frequency is in the reflection band, as will be 
explained in detail in section I, which also presents the features special 
to the cholesteric medium. Section 2 describes claculations based on the 
theory of reflexion and transmission by plane parallel cholesteric films 
which has been described in the previous paper^. These show the 
feasibility of observing the effect under suitable conditions. Section 3 
presents the results of preliminary experiments on the transmission of 
light of both circular polarisations by films of cholesteryl nonanoate to 
which a small amount ( < 5% ) of dichroic molecule such as / 7 -azoxyanisolc 
(PAA) or w-p-methoxybenzylidene-yj-phcnylazoaniline (MBPAA)had been 
added. The curves giving circular dichroism as well as transmitted 
intensity as a function of wavelength near the reflexion band indeed show 
the predicted features. 


1. Nature of the waves in the cholesteric medium and a qualitative 
discussion of the Borrmann effect 

An exact solution of the normal incidence problem is given in the papers 
by Kats’ and Nityananda*. The medium is described by a dielectric tensor 
with principal values e, and Cb a^d principal axes rotating through an angle 
of 27r in the x-y plane per pitch p traversed along z. The solution of 
Maxwell’s equations under these conditions is given by a combination of 
two circular waves with opposite sense and wave vectors differing by Iq. 
Naturally, there are two such solutions for a given direction of propaga- 
tion, which would reduce to a pure left circular wave and a pure right 
circular wave in the limit c, - Cb-*0. We call these the left and right 
dominant solutions. In the range of wavelengths near the reflexion band 
which IS of interest here, the amplitude of the dominant component is 
never less than that of the other component, justifying the name. Further, 
one of the two solutions ( the right dominant for a right handed cholesteric ) 
becomes strongly mixed, near the reflection band. That is, if we write it 
as a superposition of a right circular wave exp ( i/r^ r ) and a left circular 
wave d exp ['^(Kx~-2q) z \ then the coefficient d becomes of the order of 1 



Borrmann effect in absorbing cholesteric liquid crystals 327 

for wavelengths near the reflexion band (figure la). If we fix the value 
of z, thereby studying the electric field at one point in the medium, the 
two circular components add to give an elliptic vibration. The direction 
of the major axis of this ellipse is the direction in which the two circular 
waves add (figure 1 b). When the coefficient d has an absolute value of 1, 
the resultant vibration is linearly polarised. As we change z, the 
relative phase of the two circular components changes by 2qz. The 
resultant elliptic vibration therefore changes in azimuth by qz, but has the 
same ellipticity. Indeed, in a co-ordinate system rotating at the same rate 
as the director, we have a fixed elliptic vibration as was pointed out by 
de Vries2. This is important for what follows. Away from the reflexion 
band, the coefficient d is small and we have almost a circular vibration. 
On the long wavelength side of the reflection band, we obtain an ellipse 
with major axis along the direction of greater principal dielectric constant 



Figure 1 (o) The coefficients d and / which determine the mixed character of the 

normal waves as functions of wavelength. The dotted part of the 
curve for d is meant to indicate that [ </ | remains I within the reflec- 
tion band, while the phase varies from 180° to 0: that is, d moves 
along the semicircle of unit radius in the upper half of the complex 
plane, varying from -1 to -fl as the wavelength increases from one 
edge of the reflection band to the other. 

•(b) Combination of two opposite circular waves to give an elliptic vibra- 
tion with the same sense as the stronger circular wave and azimuth 
along the direction in which the electric vectors of the two circular 
waves arc parallel. ABC and D represent four successive states of 
the vibration separated by 90° in phase or a quarter of a period in 
time. 
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say f.. Since the electric vector is now sampling a direction with greater 
polarisabiliiy, it is natural that the effective refractive index for the wave 
IS greater. On the short wavelength Sxde of the reflexion band, the major 
axis of the ellipse is directed along the axis with lower principal dielectric 
constant We expect that the effective refractive index would now be 
less than the average for the medium. The dispersion curve (wave vector 
K as a function of frequency w ) plotted in figure 2, confirms this physical 
picture. Within the reflexion band the wave is linearly polarised with the 
azimuth rotating at the same rate as the director and making a fixed angle 
to It. As we decrease the wavelength, going through the reflexion band, 



Figure 2 The dispersion relation (wave vector ^ as a function of frequency o) 
for the two normal waves. AT, is real, while AT, has an imaginary part 
which IS separately shown. 


this angle changes from 0 to 90’ as the phase of the complex number d 
varies rom 0 to 180 (figure 1 ). The second normal wave is only weakly 
mixed. If we write it as a superposition of a left circular wave exp ( \Kiz) 
and a r.ght circular wave / exp [ i { ) r ], then / remains small and 
shows no remarkable variation near the Bragg reflexion (figure \a) For 
qualitative purposes, we can think of this wave as a pure left circular 
wave which sees only the average medium and has a refractive index « 
and a simple linear dispersion relat-on (figure 2 ) = ( r /n ) k. We call 

this the • indifferent ’ normal wave. The polarisation behaviour of the 
normal waves is summarised in figure 3. 
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Flgwt 3 Polarisation of the normal wave as a fiinction of wavelength. 
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The above description is valid for a non-absorbing cholesteric medium. 
However, we can assess the effects of dichroism (that is, a different 
imaginary part for C;, and ) by assuming that the polarisation behaviour of 
the normal waves remains qualitatively unchanged. Taking the imaginary 
part of c. to be greater (that is, the more polarisablc axis is also the axis 
of greater absorption )- we see immediately that the attenuation of the first 
normal wave will be greater than the average on the long wavelength side 
of the reflexion band since it will be sampling more of the e. axis, and 
it will be less than the average on the short wavelength side of the 
reflexion band. Hence right circular incident light, which couples to 
this normal wave, should undergo more absorption on the long wavelength 
side of the band and less on the short wavelength side. 

This effect is over and above the extinction of the right circular wave 
which occurs even in the absence of absorption. Qualitatively, we expect 
enhanced transm'ssion of the right circular wave on the short wavelength 
side. This is the Borrmann effect. The reduced absorption in this case 
is a consequence of the polarisation being at right angles to the 
highly absorbing axis. For x-rays in crystals the reduced absorption 
follows from the amplitude of the electric field being small at the absorb- 
ing sites (figure 4). Both these are due to the standing wave nature of 


Figure 4 A qualitative picture of the Borrmann effect in X-rays. The nodes of the 
standing wave coincide with the atomic positions giving minimum 
absorption. 

the disturbance in the medium, and both depend on the relative phase of 
the primary and Bragg reflected waves (the position of the modes in the 
x-ray case, the polarisation of the linear vibration in the liqu.d crystal). 
Since these phases vary continuously (by 180°) as we pass through the 
Bragg reflection band, the optimum conditions for the Boirmann effect arc 
fulfilled at only one wavelength — in our example at one edge of the 
reflexion band. 

2. Numerical calculations on absorbing cholesterics 

Using the formulae of the previous paper^ the transmission coefficients of 
a plane parallel cholesteric slab were calculated as functions of wavelength 
near the Bragg reflexion for each circular polarisation incident on it. To 
correspond to the experimental practice, the total transmitted intensity 
was calculated as the sum of that in the two polarisations, although, 
predominently, only the incident circular polarisation is present. The 
results arc »also presented in the form of circular dichroism £> as a func- 
tion of wave length, where 


Vl, - a//- 
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I ^ and /- arc the transmitted intensities for the + and — circular polari- 
sations. These curves should be compared with the corresponding curves 
for a non-absorbing cholesteric presented in the previous papers The 
pitch p and principal refractive indices and n. have been chosen to be 
3571 A; 1*4 and 1.47 respectively as for the non-absorbing case. The 
dichroism AA has been given the values 0-006, 0*03 and 0-06 successively. 
Here it is assumed that remains real ( //b = 1*4) and n. = 1*47 4- i AA 
The dichroism has the same sign as the birefringence, /.e., the more 

absorbing axis of the molecule is taken to be the same as the more 

polarisable axis. 

A plot of the reflection coeflftcient as a function of wavelength is 
given for Ak = 0*006 in figure 5. When compared to the non-absorbing 
case, it shows asymmetry. This is analogous to the asymmetry of the 
reflexion as a function of angle which Prins® calculated for x-rays 

incident on an absorbing perfect crystal. The reflection coefficient is 
higher on the short wavelength side and falls off towards longer 
wavelengths. 



Plfwni 5 Intensity of reflexion with change in the sense of circular polarisation 
for an absorbing cholesuric. Thickness 7* s S.6 dichroism A k =s 0.006. 



TRANSMITTED INTENSITY 
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arc noticeably asymmetric, and the circular dichroism has changed sign on 
the short wavelength side so that the right circular polarisation which is 
cut down in the Bragg reflexion is actually enhanced on this side. By 
itself this does not constitute the Borrmann effect since there is a circular 
dichroism at short wavelengths wh;ch can be predicted from the Mauguin*® 
formula for rotation by making Aw complex and it has the right sign. 
However, this is expected to fall off with increase in wavelength; while 



Fkare 7 (a) Transmitted intensity, (b) Circular dichroism 

rs=6.35t*., ^ A: =0.03. 
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the arguments of section 1 suggest that the transmission of right circular 
light should show a well defined maximum near the short wavelength edge 
of the reflexion band. This is brought out dearly in figures la and lb 
which show the transmission coefficients and D for = 0*03. This is 
even clearer in figures 8 a and 8Z) which are for = 0*06. We also note 




Figure 8 (o) Transmitted intensity, {b) Circular dichroism 

. r=6.35 A^=0.06. 

the opposite effects on the long wavelength side, viz., the transmission of 
right circular light remains low for at least 500 A beyond 5140 A. (which 
was the centre of reflexion band in the non-absorbing case ). This is to 
be expected from the qualitative arguments of section 1-in this wave- 
length region the major axis of the ellipse is along the more absorbing 
axis of the molecules (figure 3). 

The broadening and asymmetry of the circular dichroism curve has 
implications for optical rotation as well. We expect the zero crossing of 
the optical rotation to shift to longer wavelengths. This effect can be 
seen in figures 9 a, b and c which show the calculated optical rotation as 
a function of wavelength for = 0*006, 0*015 and 0*03. 

3. Experiments 

The experiments were carried out on thin samples of cholestcryl nonanoate 
with small percentages of PAA or MBPAA added. The former gives a 
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Figure 9 Optical rotation for incident linear polarisation along the director 
(dashed curve) and perpendicular to it (dotted curve), (a) AAr=0.(X)6, 
{b) Ait = 0.0l5. 

band of linear dichroism ( A^) about 3500 A 1^^® latter at about 
3800 A. They were well oriented in the plane texture and the wavelength 
of the Bragg reflexion could be controlled by using the temperature 
dependence of the pitch. The basic technique was to photograph the 
spectrum of a continuum source (tungsten lamp) through a circular 
polariser and the given sample. This is done for each circular polarisation 
separately and the transmitted intensity as a function of wavelength 
inferred from a microdensitometer trace of the developed photographic 
plate. Several exposures of the tungten lamp source without any liquid 
crystal sample interposed were taken for calibration purposes. The 
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Figure 9 c Optical rotation for incident linear polarisation along the director 
( dashed curve ) and perpendicular to it ( dotted curve ). —0.03. 

• 

intensity obtained from these calibration curves is in arbitrary but fixed 
units. It is proportional to the transmission coefficient of the sample at 
that wavelength. The circular dichroism, which requires only the ratio 
of the transmission coefficients for the two circular polarisations, is 
independent of this undetermined factor of proportionality. 

The raw microdensitometer traces for non-absorbing sample are shown 
in figure 10a. The two traces do not cross, showing that the circular 
dichroism does not change sign. Figure 10b shows the two traces for 
2*45% PAA (by weight) in cholesteryl nonanoate. For this composition, 
we roughly estimate the maximum to be 0*03. The Bragg reflection is 
at about 3550 is seen by the dip in the transmission for right circular 
light. At shorter wavelengths, the transmission has actually risen above 
that for left circular light. Figure 10c shows the transmission coefficients 
(in arbitrary units) and figure lOd the circular dichroism for the same 
sample. Figure 11 shows the results of a similar experiment on 4*25% 
MBPAA the Bragg reflection being at about 4020 A- 
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Figure 10 (a) Raw microdensitometcr traces for a non-absorbing sample showing 

qualitatively the behaviour of the transmitted intensity as a function 
of wavelength for the two circular polarisations. 
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(f) Transmitted intensity for 
the two circular polari- 
sations ( arbitrary units ). 
The dashed line is for 
right circular polarisa- 
tion and the solid line 
for left circular. 



(</) Circular dichroism. 

Sample : 2.45% PAA in 
cholesteryl nonanoate 
r= 6.35 


In interpreting the experimental dichroism curves one must recall 
that the linear dichroism J^k is a function of wavelength^ showing a 
maximum and falling off on either side. Since the experimental dichroism 
curves depend critically on the relative position of the reflexion band and 
the band of dichroism, we do not expect the resemblance to the theoretical 
curves of section 2, computed for constant to be very close. How- 
ever, the curves do show the maximum at shorter wavelengths which falls 
off at longer wavelengths, characteristic of the Borrmann effect. 


Conclusions 

The cholesteric liquid crystal having a periodicity of the same order as 
the wavelength of light, shows optical effects analogous to those studied 
in x-r-ay diffraction. The Borrmann effect has been observed in such a 
system for the first time, and shows the features expected from theory. 
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(b) Transmitted intensity in 
arbitrary units. The dash- 
ed line IS for right circular 
polarisation and the solid 
line for left circular. 



(c) Circular dichroism. 

Sample : 4.25% MBPAA 
in cholesteryl nonanoate 
T=z 6.35 
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DISCUSSION 


Darbari : How did you measure the thickness of the sample? 

Nityananda : The thicknesses quoted are the nominal thicknesses of the 
spacers which may be accurate to about 3 or 5%. In the present experi- 
ments it is assumed that the sample thickness is the same as that of 
the spacers. 

• 

Billard : In transparent materials if the refractive index is purely imagi- 
nary we do not have attenuated waves but only an evanescent oscillation. 
In a plate you have the optical tunnel effect. 

Nityananda ; I agree - the extinction of the normal wave in the Bragg 
reflection is analogous to the attenuation of the evanescent wave in the 
rarer medium. 

Rustichelli : Do you think that, in analogy to x-ray or neutron ano- 
malous transmission, the light anomalous transmission could be used to 
get infoimation on defects in cholesteric liquid crystals ? 

Nityananda : It is possible, however, in liquid crystals conventional opti- 
cal observation also reveals the disclinations, etc. 

Rosfichelli: The dynamical theory of x-ray or neutron diffraction foresees 
an angular amplification of the order of 10^ - 10’ for the diffracted beam 
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inside a perfect crystal in a plane geometry. Do you think that such an 
effect will exist also for light in cholesteric liquid crystals with possibili- 
ties of useful applications? 

Nityananda: I am not familiar with angular amplification, but there is a 
full analogy with the x-ray dynamical theory, which Ranganath* will be 
talking about, and we should investigate this. 


C3itndratckhtr S, Ranganath O. S. and Suresh K. A., this Conference. 
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Dynamical theory of reflexion from cholesteric liquid crystals 

S CHANDRASEKHAR, G S RANGANATH and 
K A SURESH 

Raman Research Institute, Bangalore 560006, India 

Abstract. The analogy between the optical phenomena exhibited by 
cholesterics and the diffraction of x rays from perfect crystals is empha- 
sized and some of its consequences arc discussed Difference equations 
similar to those formulated by Darwin in his dynamical theory lead to 
simple analytical expressions for the reflexion coefficient, rotatory 
power and circular dichroism which are shown to be m good agree- 
ment with the results of the rigorous electromagnetic treatment. An 
extension of the theory to absorbing systems at once yields the relevant 
formulae for the Borrmann effect in cholesterics. It is pointed out that 
this simple approach should be sufficient for most practical calculations. 


Introduction 

The reflexion of light from cholesteric liquid crystals at normal inci- 
dence can be treated as analogous to the diffraction of x-rays from perfect 
crystals’. As the dynamical theory of x-ray diffraction and its appli- 
cations are now understood quite thoroughly this approach may prove to 
be useful in elucidating the optical behaviour of cholesterics and in look- 
ing for new optical analogues of certain well established x-ray effects. 
An example of a new phenomenon reported recently is the Borrmann effect 
in cholesterics^. 

The aim of this paper is to review the results of the dynamical 
theory of reflexion from cholesterics and to compare them with the predic- 
tions of the rigorous electromagnetic treatment^"^. It is shown that 
calculations based on the dynamical theory are sufficiently accurate for 
most practical purposes. 


Kinematical theory of reflexion 

Wc regard the cholesteric structure as a pile of very thin birefringent 
( quasi-nematic ) layers with the principal axes of the successive layers 
turned through a small angle Such a system can, in general, be replaced 
by a rotator and a retardation plate for light propagating normal to 
the layers^. However, for wavelengths comparable to the pitch P of the 
helical structure and for sample thicknesses which are not too small ( say 
> 10 P ) the system can be treated to a very good approximation as a 
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pure rotator. Under such circumstances, the normal waves may be assumed 
to be circularly polarized, i.e,, right and left circular light travel with- 
out change of form, but at slightly different velocities. The refractive 
indices for the two components are respectively* 


Mb 


( Am)^P 
8 A 


Ml 


M + 


( A M P 
8 A 


and the rotatory power in radians per unit thickness 
TT ( A M P P 


where Am = (mi - M 2 ) is the layer birefringence, m = Hmi + M2). 

When the wavelength of the light in the medium is equal to the 
pitch, reflexion of one of the circular components takes place and, con- 
trary to usual experience, the reflected wave has the same sense of circular 
polarization as that of the incident wave. This wjll be clear from the 
following simple argument. We shall suppose that the principal axes of 
the first layer are along OX, OY of a cartesian coordinate system and 
that the structure is right-handed, i.e., ^ is positive. Let right circular 
light given by Z)© = [ / ] referred to OX, OY be incident along OZ. To 
calculate the reflexion coefficient at the boundary between the (v + 1 ) th 
and (v + 2)th layers, we resolve the incident light vector along the prin- 
cipal axes of the (v + 1 ) th layer which are inclined at an angle 
( V -f 1 ) i? with respect to OX, OY, The resolved components are 

[J] "" [i] 11 . 


where 27rMB(v+l)p/A, p being the thickness of each 

layer. At the boundary, the ^ vibration emerges from a medium of 
refractive index mi and the n) vibration from a medium of refractive index 
M 2 . If r and I/' refer to the principal axes of the (v + 2)th layer, 
then the reflected components are’ 

[v] " ■ [1] n„ii 


= - >« [_! J «PlM (v + l 1] , 

where = P A 1^12 /jl. We make the approximation here that 

since p is assumed to be very small ( 10“’ radian). On refleuon 
a very slight ellipticity is introduced in the transmitted beam, but 



343 


Dynamical theory of reflexion from cholesteric liquid crystals 

we shall neglect this in the present discussion. Transforming back to 
OX, OY, the reflected wave on reaching the surface of the liquid crystal 
will be 




exp [ i { (2 v + 3) ~ 2 9^.1 1 ] , 


which represents a right circular vibration travelling in the negative direc- 
tion of OZ. Clearly the phase difference between this wave and that 
reflected at the boundary between the first and second layers is 
[ 2 ( - 9 ^ ) ]. When A = we have Itt /uL^^p j A = ^ and 9 ^ 

(since np P and = In, where n is the number of layers per turn of 
the helix ). Hence the phase factor exp [2i(V/5 — 9^)] becomes unity 

irrespective of the value of v, and there results a strong interference 
maximum. On the other hand, for a left-handed structure, ^ is negative 
and ( V ^ - 9^ ) does not vanish when A = Therefore the waves from 

the different layers will not be in phase and the vibration will be trans- 
mitted piactically unchanged. 

Using the kinematical approximation the reflexion coefficient per turn 
of the helix is then 

- iQ ~ - iriq --- - i tt A m/m > ( 2 ) 


Dynamical theory of reflexion 

The complete solution of the problem has to take into account the 
effect of multiple reflexions. This can be done by setting up different 
equations closely similar to those used by Darwin^ in his dynamical theory 
of X ray diffraction. For the purposes of this theory, let us regard the 
liquid crystal as consisting of a set of parallel planes spaced P apart. 
Each plane therefore replaces the n bircfringent layers per turn of the 
helix of pitch P. We ascribe a reflexion coefficient ~ \Q per plane for 
right circular light at normal incidence. Assuming the kinematical approxi- 
mation for the n layers, Q is given by (2). 

Let r, and 5, be the complex amplitudes of the primary and reflected 
waves at a point just above the rth plane, the topmost plane being 
disignated by the serial number zero. Neglecting absorption, the 
difference equation may be written as 

S’, ^ -igr, + exp(-i 9 )S, , ( 3 ) 

== exp(-i9)rr-iecxp(-2i9)S,^i, (4) 

where 9 = 27r/UR P/A. The reflexion coefficient is here taken to be the 
same*on both sides of the plane. Replacing rby (r-1) in ( 3 ) and 
(4), substituting and simplifying, we obtain 
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^f4i + T,-i = yT, 

St^\ 4- St-\ ~ ySt 


(5) 

( 6 ) 


where 


y exp( i9) + exp(-i9) f 02 exp(-iq>). (7) 

Suppose that the film consists of m planes. Putting S, = 0 , wc 
have from ( 6 ) 

•S'.-} - .V‘S'.-2 - 5,-, (>>2-1 

•S '.-4 " (y^ - 2>>)S,_,, etc., 
and 


s. - If- - f- 

= U(y)S.-x (say) 

Similarly, from (4), (5) and (7) 
r.-i = exp( i? )r. 

Tm-I = [y exp ( I(p ) - 1 ] J. 

T,-i = l(y^ - 1) exp(i<p)-y]r., etc., 
and 


... ] S.., 
( 8 ) 


T. = [/.(y)exp(if (9) 

Since from ( 3 ), 

S.-i = - iQ^.-i = - iC exp ( i<p ) 7., 
the ratio of the reflected to the incident amplitude is 
s, _ _ 'g/.(y)exp(i9 ) 

T. /. (y)exp(i9 (y) (10) 

Let us assume a relation in the form = xT^ , so that jc satisfies 

X + ~ ^ y = exp ( i 9 ) + exp ( - i 9 ) + 0^ exp ( - i 9 ). 


Wc have seen that the reflexion condition is Ma ^ = A, or 9, = 27r. 
Accordingly wc may write 

9 « 27r A, / A 9« 4- « , 

where c = -27r(A-A, )/A, 
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which is a small quantity in the neighbourhood of the reflexion. Therefore, 
jc + Y ~ ^ ® ^ + exp ( - i c ) + 02 exp ( - i £ ) ( 1 1 ) 


This suggests that in the neighbourhood of the reflexion we may put 

X = exp ( - ^ ) exp ( - i 9o ) = exp ( - ^ ) (12) 

where f is small and may be complex. From ( 11 ) and ( 12 ), 

& = ± (fi^- . 


When 

y = exp ( ^ ) 4- exp ( - O = 2 cosh $ , 
the series in (8) is given by 


/. iy) = ' 


sinh m $ 


sinh 5 


substituting in (10) and simplifying 
5. ^ - iQ exp ( I e ) 

T. ~ i e + 5 coth m 5 ’ 


(13) 


( 14) 


or 



e! 

c? + ^2 coth2 m ^ 


(15) 


From (9) and ( 13) 



exp ( i e ) 


sinh m ^ 
sinh ^ 


smh ( m-l) i 
sinh ^ 


^ cosech w ^ 

i e 4- ^ coth m ^ ( 16 ) 


Thus 


1 

2 

4 - 

*^0 

\ To , 


To 


For a thick specimen, w = «>, 

•^0 ^ Q 

To c + 15 


when — 0 < « < 2» 5 


5 

T 


( 17 ) 


R = 


2 


1 . 



346 


S Chandrasekhar, G S Ran^anath and K A Suresh 


The reflexion is total w.thin this range. The spectrai width of total 
reflexion LX QXj^n ^ QXqItt. Using (2) AX = PAid, in agreement with 
the dc Vries theory^. 

Illustrative curves of R as a function of wavelength are shown in 
figure 1. The parameters chosen for the calculation are 1*5, Am = 0*07, 
P= 3330A. The thick specimen gives the well-known flat topped curve of 
the dynamical theory, while the thin film gives a principal maximum 
accompanied by subsidiary fringes, which have been observed experimen- 
tally’- The figure also shows the values computed from the exact theory 
of Nityananda In the latter computations, the external isotropic medium 
(external to the cholesteric specimen) is assumed to have a refractive 
index of 1*5, so that the contribution of the oidinary Fresnel reflexion 
coefficient at the cholcsteric/isotropic interface is eliminated. 

Anomalous rotatory dispersion 

If reflexions arc neglected, the optical rotation per thickness P of the 
liquid ciystal is J (9 r“-9l) the rotatory power is given by ( 1 ). 

Near the region of reflexion, the right circular component suffers 
anomalous phase retardation and, under certain circumstances, attenuation 
as it travels through the medium. Left circular light on the other hand 
exhibits normal behaviour throughout and as a consequence the rotatory 
dispersion is anomalous around the reflecting region. 



Figure 1 Reflexion coefficient R versus wavelength X in the non-absorbing case : 

( n ) semi-infinite medium, ( 6 ) film of thickness 25P. Curves are derived 
from the dynamical theory ; circles represent values computed from' the 
exact theory 
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Thick specimen 

According (12), 

^r+l ~ X Tf^ 


where 


exp ( - 5 ) exp ( - ) 

^ ± (Q2 ^ ,2)1,2 

^0 = 9n - C =» 27r. 

Inside the totally reflecting range, ^ is real and therefore the medium 
becomes highly circularly dichroic. If very thin films are employed, the 
emergent light is elliptically polarized. It is readily seen that the 
ellipticity X produced per thickness P is given by 


tan X 


1 - exp ( - U 

1 -t- exp ( - ^ ) 


tanh 5/2, 


or 


X « 5/2. 

The azimuth of major axis of the ellipse after passing through a thickness 
P is 


4 (9, -9.) = ^ ( MR - ml ) + ~ ^ ^ = -g + 


Here y = Tip Therefore the rotatory power 

TT ( A M)2P TT (A - Ao) 

^ “ 4A2 PA "■ » 

which is valid within the range Aq - Q/2n < A < Ao + Q/ln, 


(18) 


Outside the totally reflecting range 5 = i ( g2 )i,2 ^nd may be 
positive or negative depending on whether c is positive or negative. 
Therefore, 


« = i [(«2 ~ 22)1/2 + 


ny^ 

2j3 




Hence the rotatory power 

^ ( A M )^P 

4A^ 




P 


4* 


(19) 
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Thin film 

For a thin film the phase of the right circular wave can be evaluated 
fiom ( 16 ) : 



A exp [-im(9o + ^)1 


where Ian m ^ r— 

^ ^ coth m 5 

The optical rotation for thickness P is 

i(9o+ - 9L) = il(9R-9L) + 

and the rotatory power 

7t(Au)^P , 

p = 4^,- + 2P • 

Figures 2 and 3 show some typical calculations based on the above 
cquaiions. It will be seen that the reflexion, circular dichroism and 
rotatory power predicted by this theory agree very closely with those of 
the electromagnetic treatment^. 

Absorbing systems : The Borrmann effect 

Suppose now that the bircfnngent layers arc also linearly dichroic. Let 
us assume that the principal axes of linear birefringence and linear 



Figure 2 The wave vectors and of the normal waves as functions of X in 
a semi-infinite non-absorbing medium. Curves are derived from the' dyna- 
mical theory ; circles represent values computed from the exact theory*. 
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Figures Rotatory power p versus x in the non-absorbing case: {a) semi-infmitc 
medium, ( /> ) film of thickness 25P. Curves are derived from the dyna- 
mical theory; circles represent values computed from the exact theory^*’*. 


dichroism are the same. 11 /^, and yU 2 be the principal complex refractive 
indices of each layer, then the reflexion coefficient Q and the phase 

/N 

retardation 9 per pilch also become complex : 


Q - 

/s 

Aa 

77 

M 




7T( Am 

9r 

277 

0 « p - 

277 


4 

MR^ - 

A 

4A2 



/N 

Ml P -~ 

277 

/N 

m/^ 

b 

i 

H 


A 

4A2 

Am 

- Ml “ 

/\ 

M2 


Ml 

= Ml — iA^i 

M 

“ 4 ( Ml 

+ M 2 ) 


M2 

= M2 - i^2 


Here 


k\ and ki are the principal absorption coefficients. 

All the equations obtained for non-absorbing media are still valid for 

absorbing systems except that g, 9^ and 9 l replace Q, 9r and 9 l respec- 
tively. For example, for the lh»ck specimen, the reflexion coefficient R 

/\ 

for the right circular wave, the optical rotatory power p ( which is now 
complex ), the wave vectors K r and K l are given by 
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Q 


/\ ^ 
f ± ( e - 


/\ 

P 


^ ( Am)^ 
4^2 


TT f A ■ 




PA 


['-(■-fn 




Itt 4- 5 


K. - 


( 27rML ) 


(21 


Here 


e : 




-y-(MRP-A) 


/^2 
± (C - 


/\2 
* ) 


Figure 4 shows the dependence R, p ( the real part of p ), and th 
imaginary parts of a: r and /T l on wavelength. Here it = i ( +^ 2 ) = 0.02 


Fig«rt 4 



medium. 
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and A^ = (^i )=0.028, The interesting result is obtained that on the 

shorter wavelength side Im( A'r ) is less than Im(A:t ), i.e., the right 
circular wave is less attenuated than the left circular wave, whilst on the 
longer wavelength side the opposite is true. To observe this effect thin 
films have to be used. 


The transmission coefficients Jr and Tl for the right and left ciicular 
waves through an absorbing cholesteric film of thickness mP are g.ven by 




5 coscch m $ 

/\ /S* /N 

1 c -f- 5 coth m 5 


Tt = I exp (-/wcpl)P (22) 

The theoretical dependence of Tr and on wavelength are shown in 
figure 5, for both the non-absorbing and the absorbing cases for a film 
thickness of 25 P. The structure being right-handed the right circular 
component is reflected, and hence in the non-absorbing film (A'==AA'=0), 
Tr is always less than Ti. On the other hand, in the absorbing case, 
Tr shows an enhanced value on the short wavelength side of the reflexion 
band, which is the analogue of the Borrmann effect. It can be shown that 
Tl will exhibit an anomalous increase for a left-handed structure (i. e., 
negative and also that the peak transmission will occur on the long 
wavelength side of the reflexion if is negative. These results arc 

found to be in good quant ilativc agreement with the rigorous treatment 
of the phenomenon by Nityananda et aP. 



Figure 5 Transmission coefficients Tn and for right and left circular waves for 
a film of thickness 25P ( a ) non-absorbing. ( ^ ) absorbing. The enhanced 
' transmission for the right circular component in (b) is the analogue of 

the Borrmann effect. 
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Concluding remarks 

Wc have shown that the dynamical model yields results in conformity, 
with ihc more detailed electromagnetic theories. However, the simph 
treatment presented here has certain limitations. Firstly, it is developec 
for small c and therefore docs not hold good far away from the reflexior 
band. Secondly, it is strictly valid only for integral values of the pitch 
and thirdly, it fails when the film thickness is very small (or when th( 
extinction length is of the order of a pitch ) as the assumption that th( 
normal waves are circularly polarized is then no longer justified. These 
limitations can be removed by including the effect of multiple reflexiont 
Within the n layers per turn of the helix, which has been neglected ir 
this discussion. The simple difference equations then become matrij 
difference equations and the resulting solutions can be shown to be full) 
equivalent to those of the rigorous treatment^. However, the calculation* 
presented in previous sections indicate that this more elaborate formulation 
of the theory is probably not necessary for most practical problems. 
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Circular dichroism in absorbing mixtures of right- and 
left-handed cholesterics 

G S RANGANATH, K A SURESH, 

S R RAJAGOPALAN* and U D K.INI 

Raman Research Institute, Bangalore 560006 India 
♦National Aeronautical Laboratory, Bangalore 560017, India 

Abstract. A rigorous theory of the optical propcilics of absorbing 
mixtures of left and right handed cholesteric liquid crystals has been 
developed. Detailed expressions and illiisirativc calculations of the 
dependence of circular dichroism on pitch and sample thickness are pre- 
sented. Experimental studies have been carried out on a 1.64:1 (by 
weight ) mixture of cholesteryl myrisale in which was dissolvetl 1 48"„ 
(by weight) of linearly dichroic p-carolene. The variation of circular 
dichroism with pitch exhibits anomalous behaviour, the sign of the dich- 
roism being opposite below and above the nematic temperature. The 
peak value of the circular dichroism ( pen unit thickness ) decreases as the 
sample thickness increases from 4 to 12.7 These features arc in quali- 
tative agreement with the predictions of the theory. 


Introduction 

Mixtures of right-handed and left handed cholesteric liquid crystals 
adojit the helical structure of a cholesteric whose pitch is sensitive to 
composition and temperature’"^. At a particular composition the pitch 
approaches infinity and the mixture assumes a nematic structure. For 
any given composition the rotary power changes sign at a particular 
temperature - the temperature at which the structure changes handedness. 
A rigorous theory of the optical properties of such non-absorbing com- 
pensated cholesteric was developed recently by Chandrasekhar et al^. The 
theoretical dependence of rotatory power on pitch and on sample thickness 
are in agreement with the experimental variation of the rotatory power 
with temperature for different sample thicknesses^-^. 

Recently Sackmann and Voss® demonstrated experimentally that when 
linearly dichroic molecules arc dissolved in a cholesteric liquid crystal, 
the medium exhibits circular dichroism in the region of the absorption 
band of the dye molecule. A theory of the optical properties of such 
absorbing cholesterics® lead to some interesting conclusions regarding 
absorbing compensated systems. In this paper wc present the theory 
together with the experimental studies carried out on 1»64 1 (by 

weight) mixture of cholesteryl chloride and cholesteryl myristate (CM ) 
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in which was dissolved 1*48% (by weight) of ^-carotene. We find that 
the theory can account for the experimentally observed features. 


Theory 

We look upon the cholesteric structure as a helical stack of very thin 
birefringent layers. Each layer is supposed to have uniaxial symmetry 
with the principal axes of the successive layers turned through a small 
angle /3. This angle ^ is taken to be positive for a right handed 
structure and negative for a left-handed one. We can use the Jones 
calculus to work out the optical properties of such a medium for light 
travelling along the helical axis'^. We are throughout interested in the 
regime in which the pitch P of the helix is much greater than the wave- 
length X of light. 


Let 2 y be the phase retardation per layer, /.e., 
T - {-) (Am)P 


where p is the layer thickness and A m the layer birefringence. Let ki 
and ki be the principal absorption coefficients of the layer. Then the 
Jones matrix of any layer with reference to its principal axes is 


0 . 


where a 


re-T 0“| r^^tP ^1 

Lo e'y] ^ Lo 


^ p and T ~ I ~ I 

2 



(The convention here is that the phase factor at any point z is giveh by 
exp [-i (27rMJ/X)l. ) 

Let the principal axes of the first layer be inclined at an angle p 
with respect to this OX and OY. Then the Jones matrix of the layer 
with respect lo this coordinate system is 

G. 5° G. 

where 

^ _ r cos np -sin nP 1 

L sin nP cos np J 

and 5® is the inverse of 5-“ (i.e., 5“ S’-® = E the unit matrix). For 
n layers the net Jones matrix is given by 

= G, • G,-, • G,-2 02 . Gi 

= S“ G, S-» G. S G, S-i 
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But ^5“ = 5“ + “ 

Hence 

/. - 5. (3) 

If Ai and A 2 arc the eigenvalues of (Go5"‘) then we can show that 
( Appendix A ) 

A? - A" A?-* - A“’* 

(G. 5-.)" = (G. 5 -.) - A. 

where Ai and A2 are given by 

A, « and A 2 = 

with cos 0 cos Y cos p 


Therefore 


(C.s-.)- - (C.S-) - r<"+’i- ""'"--"If 

sin 0 sin 0 


-na 

^ sin 


n 0 sm 0 


as n is very large compared to unity. 

Using (3) and ( 4 ) we can completely work out the net Jones matrix 
Jd in terms of P, Y, ki, k 2 and n. 


* The matrix can be uniquely resolved into a rotator, a retarder, 
a circularly dichroic plate and a linearly dichroic plate. The unique 
matrix resolution is given by (Appendix B) 

= e-X 'F i? 2 <I) /C 2 'F-* ( 5 ) 


Y = 

“ cos ^ 

_ 

sin 4^ "I 

. sin 4^ 


cos 4^ J 

R = 

r cos p 

- 

sin p “j 


L sin p 


cos p J 

2 = 

r cosh 

all 

— sinh all “I 


L sinh 

all 

cosh all J 

1 

r 

0 


(b = ! 

[0 


J [ 0 J 


where 
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where P is the rotation, a the circular dichroism, 2 9 the linear phase 
retardation, 2k the linear dichroism and X the attenuation coefficient. 
From (3), (4) and ( 5 ) we get 

p - icT - /i( ^ - 0' ) 


with 


\k =- cos“ 




sec^ n0 
4, - i [(n + l)i3-p] 

X n a 


C'- ' r tan P 

e “ n tan-' — — X — tan nd I 

L tan 0 J 


( 6 ) 


We shall consider two cases of special interest. 
( a ) ^ is very large : 


In this case 


9 = ^ 0 


and p 


^2 
n y 


2P 


Hence 


p 


a 


n ( - 82) 

2(5 

w Y 8 

P 


Therefore the linear dichroism of the layers not only results in cir- 
cular dichroism but also makes a contribution to optical rotation which 
is opposite in sign to that due to linear birefringence. However this 
contribution is usually very small. 

( b ) P is very small : 

In this case we find 

-sin "] r 0^7 

cos nP J L 0 

From this we conclude that at any point in the medium we haw? two 
linear vibrations polarized along the local principal axes of the layer. 






cos /iP 
sin np 
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As we move along the axis of the helix in the direction of light propa- 
gation we find that these two vibrations rotate with the principal 
axes. The phase retardations and amplitude reductions undergone by 
these two vibrations are the same as in an untwisted nematic. This is 
the property which is made use of in the so-called twisted nematic 
devices. 

However at intermediate values of ^ we have to use the complete 
expressions (6). The parameter a exhibits a marked dependence on pitch 
and on sample thickness^. Since in actual practice a is not usually 
measured directly, wc shall present the theoretical results in a manner 
that enables direct comparison with experiment. The procedure generally 
consists of measuring the transmitted intensities f and // for right and 
left circular light (of equal intensity) incident on the medium and then 
evaluating the parameter Do given by : 

° /r + / + 2( /, / )i 

To calculate Do theoretically we use the following relations (which 
describe the nature of the emergent light wdien a right or a left circu- 
larly polarized beam is incident on the specimen) : 


r Ax •] 

1 

r 1 1 



= ( 2)1 

L +/ J 

for right circular light 

r 5, 1 

1 

r * 1 



(2)i 

L-J 

for left circular light 


Then 

» MiP + M 2 1 2 
Ii ^ M, I 2 + \B^\^ 

In figure 1 we give the theoretical variation of the dichroic power D 
{i.e.y Dolt, t being the sample thickness) with inverse pitch/temperature. 
The theoretical values are calculated for a 1*75: 1 CM mixture of 6 /u thick- 
ness containing dye molecules. The dependence of pitch on temperature 
was taken from Sackman et qD. The layer birefringence A M at 20 ®C and 
50 were estimated by fitting the observed rotatory power^ with the 
de Vries equation^. A M at intermediate temperatures were obtained by 
linear interpolation. This is a valid procedure as at these temperatures 
the dc Vries equation holds good. The linear dichroism was taken to be 
0*10x at = 3 X 10"^ on the lower temperature side of the nematic 
point. Further we assumed that the layer birefringence and the 
layer dichroism decrease at the same rate with increase of temperature. 
We»find that D exhibits anomalous behaviour, the sign of the dichroism 
being opposite above and below the nematic point. The curve exhibits 
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some weak oscillations as the pitch / temperature is varied. The theory 
also leads to an interesting dependence of the dichroic power D on 
sample thickness. In table 1 we have given the negative peak value of D 
for various sample thicknesses. 


p“’(micron”^) 


-0 3 -0 2 -01 0 0-1 0-2 0 3 



Figure 1 Theoretical dependence of dichroic power on temperature and inverse pitch 


It will be seen that as the sample thickness is increased, D increases 
initially, reaches a maximum and decreases thereafter. In this respect 
the medium behaves quite differently from normal optically active sub- 
stances in which the dichroic power is independent of thickness. 


Measurements on cholesteryl chloride and cholesteryl myristate mixture 

We have measured the dichroic power of a CM mixture (of composition 
1*64: 1 by weight) as a function of temperature for samples of various 
thicknesses. The CM mixture was mixed with 1.48% by weight of 
P-carotcnc and the combination was heated to 64® C at which temperature 
a homogeneous melt was formed. t As the melt was cooled it adopted a 
cholesteric structure. The pitch of the cholesteric structure continuously 
increases with decrease of temperature reaching an infinite value around 
51 X. When the system is cooled further it changes its handedness and 
the pitch gradually decreases. Above 51 ®C the specimen is right-handed 
and below this temperature it is left-handed. The dye P-carotene has an 
absorption band around 4800 A with strong linear dichroism® ( k|| w 2«5 kx ). 
Plane texture films of the mixture were prepared between two glass slides 
whose surfaces were optically flat. Samples of thickness 12*7 and 6*4 m 
were obtained using Dupont mylar spacers of thickness 0*50 and 0*25 
mils respectively. Mica spacers were used for samples of thickness 4, 
8 and 9*5 m ( the uniformity in the thickness of the spacer was tested 
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Table 1 


Sample thickness 
( in microns ) 

Negative peak value 
of D 

2 

299-8 

3 

382-5 

4 

430-2 

5 

441.3 

7 

366-5 

9 

348-6 

11 

341-0 

13 

305-9 

15 

298-5 

17 

272-8 

19 

253-6 


with a dial gauge, model Ml/IOOB Carl Zeizz Zena). The sample tempe- 
rature was controlled by inserting the specimen in a suitably constructed 
heater. The temperature could be read upto db 0»rc on a previously 
calibrated thermocouple. 

A tungsten filament lamp run on a stabilized power supply was 
used as the source. The light beam was mechanically chopped at 321 c/s. 
Using the Mekee Pederson reflection grating monochromater ( model 
MP 108 ) experiments were carried out at 5000 A- The intensity was 
sensed by a photomultiplier ( model MIO FQS 29 Carl Zeizz Zena ) and 
measured by means of a lock-in amp4fier. The error in the intensity 
measurement was less than 2%. 

In figure 2 is shown the experimental dependence of the dichroic power 
D on temperature for various sample thicknesses. We observe, firstly, 
that for any given thickness of the sample the temperature variation of 
power/) follows the theoretically predicted behaviour (figure 1 ). The weak 
oscillations on the theoretical curve were not detected, presumably 
because of slight variations in the sample thickness. Secondly, we note 
that the peak dichroic power (per unit sample thickness) decreases as the 
sample thickness is increased from 4 to 12*7 which again is in 
qualitative agreement with the theory. 
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Appendix A 


Let 

A/ » ( (7, 5-1 ) = e-» 

Then the eigen values of M are given by 
M - A E ^ 0 


r Ht cos ^ 

e“iT sin ” 


" a, 

aj 1 

L-eiT sin ^ 

/N 

eiT cos jS « 

— 

- a3 

aj 


Hence 


Ai, X: = 


ai -f a4 




with A =- ai a 4 — £L 2 83 . 

If wc select a matrix T such that 


^ r-a, 

L ai -Ai 


-ai 
ai ~A2 


] 


then 


Hence 


r Ai 0 -| 
xj 


A/ = T X r-' 

= T X" T-‘ 

» 

which can be simplified to give 

3. n 

A, Aj 


X®-* - X 

^ A/ - X, X 2 — !r . - E 

Xi — X2 Xi — X2 


say 
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Also flfi -f (74 « 2e~*cos p cos Y ; A =» e-^* 

• ^ /N /\ 

Hcncc Ai « e”* e* ® ; Xi — e-^ e"* ® ; 0 =» cos~i ( cos cos y ) 


Appendix B 


Equation ( 5 ) can be rewritten as 


Jn = 


cos ^ -sin "I r cos p 
^ ^ 

sm cos 4> J L sin p 


-sin p 1 r 0 “ 

cos p J L 0 e 

r cos + sin 

X . /S 

L—sin 4; cos 


cos 4^ sin 
. /s 


where 4> = p 4 - i(y/2 

p = p - id 

9 ~ 9 - ik 

Using ( 3 ), ( 4 ) and the above expression we get 


cos 9 cos p i i sin 9 cos 


(2? + p)] 


tan i? . . cin fffl ^ 

= cos nfi cos «0-f - sm npsin n0 ± 1 — ^ sin y cos (/? + 1 ) ^ 

tan 0 sin 0 


j^i cos 9 sin"^ + i sin 9 sin ( 2 $ + p ) J 


tan /N sin wft 

= ± cos ftp sin 710 T sin nP cos /j0 + i — sin y sin ( w 4- 1 ) ^ 

^^n 0 sin 0 

These equations can be solved to get 

tan p /N 

tan nP — a tan /i 0 

^ tan 0 

tan p = . ^ 

tan p /N 

1 + A tan nP tan /i 0 

tan 0 

^ tan*^ 

cos^ 9 a ( 1 + A tan^ n 0 ) / ( 1 + tan* ii 0 ) 

tan* 0 

2+ + p-(» + l)/J 

which can be simplified to yield equations ( 6 ). 
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Selective Reflection of light in cholesteryl esters 
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Sektion Chemie der Martin-Luthcr-Universitat, 402 Halle, 

German Democratic Republic 

Abstract. We have measured the temperature dependence of the selec- 
tive reflection of circularly polarized light in the two homologous scries 
choIesteryl-/i-alkanoates and cholesteryl-n-alkylcarbonatcs. From the 
refractive indices of these substances it was possible to calculate the 
pitch of the structural helix. Some connections with the molecular 
structure are derived. The results arc compared with theoretical con- 
siderations found in the literature. 


Introduction 

The interest in the physical properties of cholesteric liquid crystals has 
been greatly stimulated by the possibilities which the cholesterics oflfer for 
their practical use in thermography and electro-optics. The most important 
properly for these purposes is the selective reflection of circularly polarized 
light. Little is known about the connection between molecular structure 
and reflection properties. Therefore we have undertaken measurements on 
the temperature dependence of the selective reflection from various choles- 
teryl esters. The pitch of these structures has been calculated using the 
following equations. 

The wavelength Amax of the selective reflection is connected with the 
pitch of the structure by 

Ama* = n • p ( 1 ) 


n, and are the indices of one quasi nematic plane of the cholesteric 
structure. By experiment and rtj are not directly accessible. But Dreher, 
Meier and Saupe* have suggested the possibility of calculating these values 
by measuring the ordinary and extraordinary indices /i, respectively of 
the cholesteric structure : 

= ^ ( 3 ) 


sinJ ^2 


+ rij* 

2N^ 


( 4 ) 
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index of the prism used for refraction measurement, yj = angles of 
total reflection of the ordinary and extraordinary beam respectively of the 
cholesteric liquid. 

With good approximation we may write 

n = n, (5) 

There arc differences only in the fourth decimal place, as we have 
found using the refraction data of Pelzl and Sackmann^. 3. 


For the calculation of the pitch with eq. ( 1 ) we needed refraction 
data for different wavelengths, which were not available in the literature. 
Therefore wc have used the simplified dispersion formula (6) of Bottcher 
and Grabcr^ for the calculation of the required values, on the basis of the 
dispersion measurements of Pelzl et aP* 


= 1 + 


C . A2 

(A^ - A^) 


( 6 ) 


where C, A. = constants, A = wavelength of light, c = velocity of light. 


C is dependent on temperature and on the substance, and ranges from 
925 to 970*10^* sec->, while Ao = 107 nm is constant for all substances 
investigated and at all temperatures. 


With the supposition of an anharmonic torsional oscillation between 
neighbouring planes of the cholesteric liquid, Keating^ has derived an 
equation for the temperature dependence of Ama* : 


_ 4 TT n a J oL^ 
A' k T ■ 


(1 + 


T-T. 


(7 


a = thickness of a single layer in the cholesteric structure 
J = moment of inertia of the molecules. 
k = Boltzmann constant 

r= temperature (K), T, = temperature of the cholesteric/smectic transition 
A\ a, = constants. 

The term in parentheses in eq. (7) considers the pretransilion eflfects 
near the cholcsteric/smectic transition. Beyond this region this term rapidly 
vanishes. With good approximation we can use a simplified equation: 


Am. = ^ ( 1 + f (8) 

For substances which have no smectic phase the constant B may be 
neglected and we get : ' 

Amtx ~ AjT ( 9 ) 

Here A and B are parameters which have to be adjusted to the e*xperi- 
mental results of each substance. 
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Experimental 

We have measured the regions of selective reflection with a Beckman 

_ 2 A spectrophotometer by drawing the transmission curves for each 
temperature. The substance was held as a thin film between two quartz 
plates. Standard spacer plates of 10 to 20 /dm provided a constant thick- 
ness of the film. This combination of quartz plates was put in a small 
oven which allowed the temperature to be maintained to a constancy of 
± 0*05*. We have measured the temperature by a thermocouple directly 
between the quartz plates. 

For the purpose of obtaining good spectra it is necessary to use well 
oriented films in the cholesteric plane texture. This texture is produced 
with some certainty by cleaning the quartz plates with acetone, chromo- 
sulfuric acid, water and ethanol and rubbing the plates in one direction 
with a patch of wool. For some substances we obtained a spontaneous 
orientation, while for other preparations it was necessary to shift the plates 
relative to one another. 

The substances were prepared by standard methods, described for in- 
stance in the cited literatures*^ The transition temperatures of the sub- 
stances studied are given in tables 1-3. 


We use the following abbreviations: 


crystalline solid 
cholesteric 
smectics A, C 
temperature 


K 

CH 

Sa, Sc 
t i^C) 


Results aod discussion 

Cholesteryl Alkanoates 

Figure 1 shows the results obtained for cholesteryl propionate. We have 
measured both with increasing and decreasing temperatures. To prove the 
reproducibility, each cycle was repeated several times. All measured points 
fit well into the curve. Chelestcrylpropionate shows only a weak tempe- 
rature dependence of Amax • This temperature dependence is well described 
by equation (9) (see figure 1 ). Only in the region about 2® C below the 
clearing point do we find a deviation, presumably caused by pretransition 
effects. It should be remarked, that measurements in this region are very 
difficult. Most substances have a strong tendency to change the plane 
texture into a focal conic texture which does not reflect circularly pola- 
rized light. 

Curves of the type of figure 1 have been obtained also for choles- 
teryl butyrate, valerate and capronate. 
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460 ' 
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Cholesleryl propionate 



•i 


70 80 90 too no 


Uotropic 




Figure 1 Giolcstcryl propionate, Xmax versus 1 


Table 1. Transition temperatures 


Cholesteryl esters 



K 


Sa 


CH 

I 

propionate 


100-6 

- 

- 


115.2 

butyrate 


97-4 

- 



112-4 

valerianate 


91-0 

- 

- 


97-3 

capronate 


98 

- 

- 


99 

heptanoate 


106-8 

- 

- 


93-8 

octanoate 


103-8 

- 

- 


94-5 

nonanoate 


80-2 

(■ 

74-1) 


90.7 

dccanoatc 


82-6 

(• 

75-5) 


91-5 

undecanoatc 


85-0 

(• 

80-1) 


90-4 

dodecanoate 

. 

92-4 

(• 

80-2 


88-9) . 

tctradecanoate 

• 

70-7 


78-6 


84-4 

hejtadecanoatc 


76*6 

(■ 

74.1) 


82-5 

ethyl carbonate 


83.0 

- 

- 


103-5 

propyl carbonate 


96-9 

- 

- 


99-0 

butyl carbonate 


78-0 

- 

- 


92-1 

amyl carbonate 


106.2 

- 

- 

e 

- 

hexyl carbonate 


108-0 

- 

- 

* 


heptyl carbonate 


79-2 

- 

- 

(• 

77-0) . 

octyl carbonate 


53-0 

(• 

44-5) 

• 

75-6 

nonyl carbonate 


79.5 

(• 

45-0 

- 

77-9) . 

decyl carbonate 


76-5 

(• 

47-2 


74.0) . 

undecyl carbonate 

• 

61-6 

(• 

51-2) 


73-0 


• Cholesteric phase visible only for a short time at decreasing temperature ; measure- 
raent of transition temperature was not possible. 
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Table 2. Cholesteryl esters 



f (°C) 

n 

Amax [nm] 

p[nm] 

propionate 

78.0 

1-507 

476-5 

316.2 


90*0 

1-507 

452-0 

300-0 


100-0 

1-504 

443-0 

294-5 


llO-O 

1-499 

433-0 

289-0 

butyrate 

90-0 

1-507 

430-0 

285-0 


95-0 

1-508 

417-0 

276-5 


100. 0 

1-506 

405-0 

269-0 


105.0 

1-505 

396-5 

263-4 


109.0 

1-504 

391-0 

260-0 

valerate 

90.0 

1-508 

406-0 

269-0 


92.7 

1-508 

398-0 

264-0 


95-0 

1.510 

392-0 

259-6 


96.2 

1.507 

390-0 

258-8 

capronoate 

80-0 

1-514 

400-0 

264-0 

85.0 

1-513 

391-0 

258-0 


95-0 

1-513 

375-0 

248-0 


97.0 

1-509 

372-5 

247-0 

nonanoate 

76-0 

1-513 

394-0 

260-0 


78-2 

1-514 

383-0 

253-0 


85-6 

1-514 

360-5 

238-0 


90*0 

1-513 

349-0 

231-0 

decanoate 

83-0 

1-514 

361-5 

239-0 


85-0 

1-516 

354-0 

233-5 


87-0 

1-516 

348-0 

230-0 


90-0 

1-516 

340-5 

225-0 

undecanoate 

80.7 

1-519 

352-5 

232-0 


82-0 

1-520 

343-0 

226-0 


86-5 

1-522 

324-5 

213-0 


88.0 

1-522 

322-0 

211-5 

dodecanoate 

82-0 

1-515 

322-0 

212-5 

82*0 

1-510 

337-0 

223-1 


85-0 

1-516 

314-0 

207-0 


85.0 

1-513 

323-0 

213-5 


89*0 

1-517 

308-5 

203-4 
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irc) 

n 

^mtx [rirn] 

P [nm] 

tctradccanoate 

79-0 

1-511 

334.0 

221.0 


79-0 

1-508 

349-0 

231*4 


80-0 

1-514 

322-0 

213-0 


80.0 

1.510 

337.0 

223-0 


83-0 

1.514 

313-0 

206-7 


83*0 

1-517 

302-5 

199.4 

hcxadccanoate 

77.0 

1-512 

335-0 

221-5 


79-0 

1.520 

316-0 

208.0 


81.0 

1-522 

302*0 

198-4 


81.0 

1.510 

338-0 

223-8 

Alkyl carbonate 

ethyl carbonate 

40-5 

1-532 

400-0 

261.0 


50.0 

1.531 

390-0 

255-0 


80.0 

1-524 

359-0 

235.5 


90-0 

1.528 

355-0 

232-3 

propyl carbonate 

63.0 

1.521 

405-0 

266-3 


69*0 

1-521 

388.0 

255-1 


80-0 

1.518 

379.0 

249-7 


93-0 

1.512 

368-0 

243-4 

butyl carbonate 

62-0 

1-518 

408.0 

268-8 


66.0 

1.518 

404-0 

266-0 


79-0 

1-513 

388.0 

256.0 


91.0 

1-509 

375-0 

248-5 

hcptyl carbonate 

65-0 

1-509 

433-0 

286-9 


71-0 

1.508 

418.5 

277.0 


77-0 

1.505 

404-5 

268-8 

octyl carbonate 

44-0 

1.501 

735-0 

489-7 


46-0 

1.501 

520-0 

344*6 


52.0 

1.515 

430-0 

283-8 


63.0 

1.512 

416-0 

275-0 


72.5 

1.508 

414-0 

274-5 

nonyl carbonate 

56.0 

1.520 

380-0 

250*0 


60.0 

1.521 

366-0 

244-6 


65.0 

1.519 

363.5 

239-3 


70.5 

1.517 

358-0 

236-0 

undccyl carbonate 

50.2 

1.498 

657-0 

438-6 


54-0 

1-525 

355-0 

232-8 


61-0 

1-527 

336-0 

220*0 


65-5 

1-525 

331-5 

217-4 


71.3 

1.521 

329-5 

216-6 
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A 

B 

Xred 

y^red 

propionate 

4062 

- 

430 

288 

butyrate 

386^ 

- 

394 

259-5 

valerianate 

3802 

- 

388 

257 

capronatc 

373-82 

- 

375 

247-5 

nonanoate 

357*22 

0*072 

354 

235 

decanoate 

340-7^ 

0-433 

343 

223*5 

undecanoate 

338*22 

0*0477 

323 

212-5 

dodecanoate 

333*22 

0*0354 

312, 318 

207 

tetradecanoate 

3272 

0-020 

310 

( 206 


324*12 

0*118 

( 214 

hexadecanoate 

318*32 

303*82 

0*205 

0*949 

309 

205 

Cholesteryl alkyl carbonates 





ethyl carbonate 

360*32 

- 

350 

230 

propyl carbonate 

367*32 

- 

364 

241 

butyl carbonate 

370*52 

- 

377-5 

249 

heptyl carbonate 

378*52 

- 

409 

270 

octyl carbonate 

372*72 

0*108 

414 

274 

nonyl carbonate 

347*92 

0*049 

360 

234-5 

undecyl carbonate 

334*12 

0*127 

330 

216-5 


A, B = constants of eq. ( 8 ) 

Xfod*, Pred = values of A, p at 3° below the clearing point. 


Because of the lack of sufficient supercooling, measurements were not 
possible for cholesteryl heptanoate and octanoate. 

Figure 2 shows the results obtained for cholesteryl nonanoate. This sub- 
stance has, besides the cholesteric phase, an additional smectic A-phase at 
lower temperatures. The points for increasing and decreasing temperature 
fit well into the same curve. The temperature dependence is more pronoun- 
ced as in the case of cholesteryl propionate and increases with diminishing 
temperature. It is very strong in the region immediately above the transi- 
tion Sa/CH. The curve in figure 2 has been calculated according to the 
theory of Keating and reproduces the experimental results, but not in all 
temperature regions. 

Curves of the type of figure 2 have been obtained for cholesteryl nona- 
noate, decanoate and undecanoate. All these substances possess a smectic 
A-modification. In the pretransition regions of the SA/CH-transitions we 
found the enhanced temperature dependency of Amu. 
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Figure 3 gives the third type of experimental results found in the long 
chain cholesteryl alkanoates. The measurements for cholesteryl tetradeca- 
noate fit into two curves, one for increasing, another for decreasing tempe- 
rature. Both curves are reproducible, although the exact measurement in 
the narrow existence range of the cholesteric phase is somewhat dijficult 
because of possible texture changes. These two curves are nearly parallel 
to each other. The curves correspond to calculations according to 
the theory of Keating. We have used two sets of constants for this 
calculation. The strong temperature dependence of this curve indicates 
clearly prctransitional eflfects near the S^/CH transition. 

The occurrence of the two nearly parallel curves is not very easy to explain. 
We have found this phenomenon also for cholesteryl dodecanoate and 
hexadecanoate. From the measurements of Gruler^ it is known that the 
clastic constants Kn and K 33 increase with increasing alkyl chain in a 
homologous series. Assuming this is also the case for K 22 , an enhanced 
value of K 22 could explain the hysteresis in the Am** -curves. The system 
at decreasing temperature may be assumed as a relaxed system and should 
yield higher values of Amw . For increasing temperature lower values should 
be expected, as we have found indeed for the tetradecanoate. It is to be 
remarked that in the graphical plot of Amtx versus chain length of the 
homologous series (figure 13) the values measured for decreasing tempera- 
ture fit better into the curve. We assume that these values are nearer to 
equilibrium values than those measured for rising temperature. 


^moA Cholesteryl nononoote 



70 ao 90 too UO [•c] 
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Using eq. (1) we have calculated the pitch of the cholesteryl esters with 
the aid of the indices of refraction measured by Pelzl and Sackmann^* 
Since the indices are not available for all desired wavelengths we have 
calculated with the simplified dispersion formula ( 6 ) of Bsttchcr^ the 
required indices using the results of Pelzl and Sackmann. 


Figures 4-6 show for the already mentioned 3 cholesteryl alkanoates the 
graphic plot of the pitch versus temperatures. The curves show the same 
peculiarities as the Amax-plots, namely weak temperature dependence for 
the propionate, strong temperature dependence for the esters with addi- 
tional smectic modifications and the double curve for tetradecanoate. 


P 

E'm] 

320 


300 i 


— T- 

70 


Cholesteryl propionate 



Figure 4 Cholesteryl propio- 
nate. p versus t. 



Figure 5 Cholesteryl nona- 
noatc. p versus t. 
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Figure 6 Cholesteryl myristi- 
natc p versus t. 
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Cholesteryl alkyl carbonates 

Figure 7 shows the temperature of Amax ^or cholesteryl ethylcarbonatcs. 
Since the substance supercools well, the measurements could be extended 
to temperatures far below the melting point. Measurements with the 
temperature increasing and decreasing yielded values which fit into a 
single curve. This curve has been calculated with eq. ( 9 ) (curve in figure 7). 
The agreement with the experiment is good. The temperature dependence 
is relatively weak. 

Curves of this kind have been found also for cholesteryl propylcarbo- 
natc, butylcarbonate and heptylcarbonate. Cholesteryl pentylcarbonatc 
and hcxylcarbonate could not be supercooled sufficiently. 

In analogy with the results for the cholesteryl alkanoates with additional 
smectic phases, cholesteryl octylcarbonate also yielded a curve with a 
region of very strong temperature dependence of Amax (figure 8). The 
calculation (curve in figure 8) does not reproduce the experimental results 
in all parts. Dependent on the choice of the adjustable parameters for 
the Keating equation (8) certain parts of the experiments were well 
reproduced while other parts were not. But we were not able to find 
parameters which were valid for the whole region. 

Wc have obtained curves of the type of figure 8 also for cholesteryl 
nonylcarbonate and undecylcarbonate, both substances having additional 
smectic A-phascs. 

It is to be remarked that the reflection spectra of the octyl, nonyl and 
undecylcarbonate stretch over a wide part of the visible spectrum. Theie- 
fore these substances arc very suitable for the practical use in the thermo- 
graphy with cholesteric liquid crystals. 

Cholesteryldecylcarbonatc could not be supercooled enough as to al’ow 
measurements. 

Cholesteryl ethyl carbonate 



Flgvre 7 Cholesteryl ethyl carbonate, Xm*x versus f. 
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Cholesteryl octyl carbonate 



Figure 8 Cholesteryl octyl carbonate Xn,*, versus r. 

Figures 9 and 10 show the graphic plot of the pitch versus temperature 
for cholesteryl ethy Icarbonate and octylcarbonate. These curves show the 
same principal peculiarities as the plots of Xmax versus temperature. 

Cholesteryl ethyl carbonate 



Figure 9 Cholesteryl ethyl carbonate, p versus t. 
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Chotesteryl octyl carbonate 



Figure 10 Cholcstcryl octyl carbonate, p versu# t. 


Cholesteryl esters of aromatic acids 

Figure 11 shows the results of the measurement of Xmu for cholcstcryl 
benzoate. The investigation was very difficult because of the fact that the 
substance docs not maintain a well-oriented film for a long time and that 
it decomposes especially at higher temperatures. Therefore the deviations 
of the points from a smooth curve arc greater than for the previously 
mentioned substances. The temperature dependence is high at lower 
temperatures, small in the middle regions and again begins to grow at 
15** below the clearing point. This type of curve cannot be calculated 
with the Keating equation, because the unusual part in the region ^ near 
the clearing point is not to be expected according to the Keating theory. 
Therefore we have given up the calculation. 
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Figure 11 Cholesteryl benzoate, Xm»* versus r. 

Cholesteryl cinnamate yields a curve (figure 12) which is very similar 
to that of the benzoate. Also the cinnamate tends to decompose at elevated 
temperatures and the reproducibility of the experimental results is not very 
good. This compound gives a remarkably wide spectral range of the selec- 
tive reflection at different temperatures. We have not calculated the curve 
with the Keating theory. Since there are no measurements of refractive 
indices for cholesteryl benzoate and cinnamate, the pitch could not be 
calculated. 


Cholesteryl cinnamate 



Figure 12 Cholesteryl cinnamate, Xmsx vertui /. 
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Ditcassion 

Fcrgason^ has measured Xn,M for cholesteryl nonanoatc and dccanoate. 
The temperature dependence is somewhat less than in our measurements, 
possibly indicating differences in the purity. 

Kassubek and Meier® have calculated with eq. ( 1 ) the temperature 
dependence of the pitch for cholesteryl propionate, valerate and nonanoatc, 

starting from values and n ~ . There are systematic devia- 

tions from our values, but the agreement becomes good if for the calcula- 
tion the right values of n (see eqs. 2 and 5 ) are used. 

For all cholesteryl alkanoates and alkylcarbonates which possess only 
a cholesteric but not a smectic phase the Keating equation (9) is valid. 
All cholesteryl esters which have an additional smectic phase show remark- 
able pretransition effects in the cholesteric state. They give constants B 
from 0*02 to 0*9 ( table 3 ). 

The experimental Xmax values for most of the esters can be reproduced 
by the Keating equation ( 8 ), but not in the whole temperature region. 
The pretransition effects are described rather well. 

The rising values of p and Xmax in the region near a CH/Sa transition 
may be regarded as a consequence of the increase in the clastic con- 
stant K 22 * 

Albcn® and de Gennes*^ have concluded from theoretical considera- 
tions that the constant K 22 should have such a pretransition effect. 

Till now measurements of K 22 in a pretransition region are not known to 
us. But it is to be considered as a remarkable hint that Gruler^ and 'also 
Cheung and Meyer have found a considerable increase in the constants 
Kn ^nd K 33 near N/S transitions. Near the transition CH/S or N/S also 
anomalies in the heat capacity*’* and electrical conductivity*^ are 

known. All these effects may be considered as a consequence of the 

existence of a “smectic short range order” in the nematic liquid, as 

Arnold*' has pointed out. De Vrics*^ later has referred to these as 
” cybotactic groups 

Figures 13 and 14 show Xm** and p, reduced to a temperature 3® below 
the clearing points versus chain length of the homologous series choles- 
teryl alkanoates and alkylcarbonates. In the former the values decrease 
with increasing chain length, possibly with a slight alternation. For the 
alkylcarbonates we found an increase till n » 8 and a decrease for it = 9 
and 11. We have no explanation for this behaviour. 

It should be mentioned that Baessler and Labes *^, Adams, 'Haas 
and Wysocki*’ and recently Ko, Tuecher and Labes** reported 
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Figure 13 Cholesteryl esters, versus n. 

reciprocal Xmax and p for cholesteryl alkanoatcs. They obtained their 
values not from the pure substances, but by adding the cholesteryl esters 
to compensated cholesteric mixtures and measuring the optical pro- 
perties. The slope of their curve — versus chain length shows 

^max 

qualitative agreement with our corresponding plot. Because of the very 
different methods in determining the values quantitative agreement is not 
to be expected. Ko, Teucher and Labes’* extended the investigations 
also to cholesteryl alkylcarbonates. While the curve of the alkanoates has 
an increasing trend, the curve of the alkylcarbonates approaches saturation 
even for low n. A comparison with our results offers no possibility for 
discussing the reason of the differences. 

According to theoretical considerations of Goossens’^ the twisted 
structure of the cholesteric liquids is a consequence of the quadrupole- 
quadrupole part of the dispersion interaction energy between asymmetric 
molecules. Because of the complicated structure of the molecules of the 
cholesteryl esters the influence of increasing alkyl chain on these special 
intcrmolecular forces is hardly to be predicted. 

Our experimental results indicate a strong temperature dependence of 
the spectral region of selective reflection of circular polarised light at the 
cholesteryl esters near the transition CH/S. For the practical use of cho- 
lesteric liquids in thermography often a high temperature sensitivity 
is needed. Our results offer the possibility to obtain by systematic 
experiments with selected substances, mixtures with the necessary properties. 
We have developed a number of thermographic mixtures suitable for small 
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temperature intervals between 15 and 40 C. 
additional smectic phase at temperatures 


All these mixtures have an 
just below the practical useful 


region. 




Flfwt 14 Cboletteryl ctten* p vexsus n. 
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discussion 

de Gennes : There are now measurements of K 22 , some of them reported 
here*, which are convenient for this type of calculations wherein the 
critical behaviour of the 2 phases is shown. Also, there are measurements 
on similar cholesteryl derivatives. They have seen prc-critical anomalies very 
similar to what you have described and they have attempted to analyze 
this in terms of a critical exponent. They find a critical exponent of 
about 0-6 or so. What is not completely clear to me from what you said 
is whether you can also describe them in terms of a power law, in 

powers of T- Tq. 

Demus : We have used the Keating equation in a simplified form, where 
the A and B are adjustable parameters. We have not tried to evaluate the 
exponent. May be this is also useful. 

Brown: In what kind of atmosphere was the experiment carried out? 
There could be a difference between air and vacuum. 

Demus :* We did it in normal atmosphere. 


* 1^. V. Madhusudana, P. P. Karat and S. Chandrasekhar - This Conference ; G. Durand 
- This Conference. 
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Recent developments concerning biphenyl mesogens and 
structurally related compounds 

G W GRAY, K J HARRISON and J A NASH 

Abstract. The 4'-/; alkyI-4-cyanobiphenyls are low melting compounds 
which arc colourless, chemically stable and photochemically stable ; some 
are nematic at room temperature. Suitable mixtures of these materials 
with 4' -rt' alkoxy-4-cyanobiphenyls give nematogenic materials melting 
at 0*^0 or below and forming stable nematic mesophases of positive 
dielectric anisotropy which persist until over 60° C. Agreement between 
observed and predicted transition temperatures for calculated eutectic 
compositions is good. Methods for further widening the nematic 
ranges are discussed. 

An optically active biphenyl compound of positive dielectric aniso- 
tropy has been prepared and incorporated in such mixtures to obtain 
stable, room temperature cholesterics. These may be used for choles- 
teric-nematic phases change d. splays or to obtain twisted nematic 
displays free from areas of reversed twist. 

Higher homologiics of the 4'-/i-alkyl- and 4'-n-alkoxy-4-cyano- 
biphenyls are smectic in some cases at room temperature. Such biphenyl 
mesogens therefore provide room temperatyre mesophases of the 
smectic, nematic and cholesteric types and arc valuable for a variety 
of experimental and technological purposes. Preliminary studies of 
the smectic mesophases exhibited by these compounds arc described. 


1. IntroducHon 

Considerable interest has been aroused by our recent reports* *2 of a new 
family of low melting, stable, colourless mesogens derived from biphenyl. 
These compounds were developed as a result of considering the reasons for 
the colour and/or chemical/photochemical instability associated with most 
existing mesogens, with the general structure below, that are used to 
produce room temperature liquid crystals. These problems are to a large 

X— ^~~y-A=B 

extettt connected with the central A— B linkage [~N-N-; -N“N(0)-; 
-CH-N-; -CH = C(Cn-l, between the p-phenylcnc rings, which 
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extends conjugation in the molecules and provides a site for chemical / 
photochemical attack. Wc eliminated the problems associated with the 
A-B linkage by studying 4,4 -disubstituted biphenyls. To counteract 
the decrease in mesophase-isotropic liquid transition temperature asso- 
ciated with simplifying the structure in this way, the cyano-group was 
selected as one of the terminal substituents. This also ensured that the 
materials had a high positive dielectric anisotropy making them suitable 
for display devices of the type (twisted nematic and phase change) in 
which we were chiefly interested. To obtain reasonably low melting 
points, the other terminal substituent was chosen as alkyl or alkoxy. 


2. Results and discussion 

Table 1 summarises results for the various transition temperatures 
and the enthalpies of fusion of the most stable crystal forms of some 
4'-n-alkyI-and 4'-n-alkoxy-4-cyanobiphenyls. 

Several points of importance may be noted about these results. 

( 1 ) Five of the compounds exhibit dimorphism of the solid state. 
In all cases except that for X“=n-C3HiiO, the lower melting solid slowly 
reverts to the higher melting solid on standing. For the n~pentyloxy 
compound, the two solids are apparently unconnected in this way and the 
situation is summarised as shown in figure 1. 

Cj appears to form Ci on cooling, quite slowly. On rapid cooling to 
less than 10° C, C3 persists for long periods and only if heated docs 
it revert to C2 by an exothermic transition. C3 is therefore a monotropic 
solid, and C2 and Ci do not interconvert directly. 


53®C 


Cl 


67-5®C 

N ^ 


Shock h®at''» 
(to ca. S0*’C) ' 


v' Cool 

Cj- 

(slow changa) 


X 


Figure 1 Transitions observed for 4-cyano-4'-/f-pentyloxybiphenyl. On cooling, the 
nematic melt may form one, two or all of the solids, Cj, C, and C,. If 0$ 
and Ct form separately in the preparation and give a junction, C* rapidly 
changes to C,. If only C* forms, it slowly gives C| on standing, unless the 
temperature is below ca. 10° C when C| persists for long periods. If C* is 
then heated to ca. 17° C it changes to C* (an exotherm on D.TA.). 
However, shock heating of C® to temperatures of ca. 50° C apparently 
gives Cl which then melts at 53° C. 
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Table 1- Transition temperatures and enthalpies of melting for the com- 
pounds 




C-S, N or I S-N N-I* 

X Temp. (°C) § A/f ( kcal. mol.-» )t Temp. (C*) Temp. ( "C ) 


/I-C 4 H 9 

46-5 

5.5 

- 

(16-5n 

w-CsHii 

22-5 

4.1 

- 

35 

/I— CsH 13 

13-5 

5.8 

- 

27 

w-CtHis 

[15] 28.5 

6-2 

- 

42 

/i-CgHn 

21 

5.3 

32-5 

40 

n— C 9 H 19 

[29-5] 40-5 

8-0 

44.5 

47.5 

n-C3H70 

71-5 

4.6 

- 

(64) 

n~C4H90 

78 

5.6 

- 

( 75 . 5 ) 

n-CsHnO 

[48] 53 

6.9 

- 

67-5 

n— C6H 1 3 O 

[44] 58 

7-1 

- 

76-5 

/J-C7H,50 

[47‘5] 53-5 

6-9 

- 

75 

/i-CgH 17 O 

54.5 

5.9 

67 

80 


jC = crystal ; N = nematic ; S = smectic ; I = amorphous liquid 

* Enthalpies for the N-I transitions were typically in the range 0. 1-0.3 kcal. mor**. 

§ Temperatures in square brackets relate to the m.p.s. (C-S or N) for metastable 
solids so far identified. For the compound with X = the metastable solid 

apparently exists independently and does not revert even on long standing to the 
higher melting form. 

t Enthalpy values relate to the higher melting stable solids where dimorphism 
occurs. 

X Temperatures in round brackets are for monotropic N-I transitions. 


(2) Of the two types of compound, the /i-alkyl compounds have 
the lower N-I temperatures and the lower melling points. Two of these 
compound^ (X^n-CsHu and /i-CeHjs) are stable nematic liquids under 
normal room temperature conditions. The nematic liquids, like that 
formed by the n-heptyl compound, also exist for very long periods in 
the 'supercooled state at temperatures well below the melting points of 
the crystals. 
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( 3 ) The «~octyl compound exists as a stable smectic liquid under 
normal room temperature conditions, and also supercools for long periods 
well below 21® C. 

( 4 ) All the compounds and their mesophases are colourless. 

The following observations were first made for 4-cyano-4'-n- 
pcntylbiphenyl, but were found to be typical for the compounds in 
table 1. 

(a) Thin films of the nematic liquid, with the upper surface com- 
pletely exposed to the laboratory atmosphere showed a decrease in the N-I 
temperature of less than 1® C after 1 week. 

(/>) Display cells were made from glass with a conductive coating 
and filled with the nematic liquid. The filling holes were sealed crudely 
with “aralditc” or “Torr-sear* ( epoxy resins ). The cells were heated at 
40° C for 1 week in an autoclave in an atmosphere saturated with water 
vapour. The N-1 temperatures fell by less than 1° C. Similar treatment 
of cells filled with MBBA or cyano-substituted Schiff’s bases gave liquids 
which were isotropic at room temperature. 

(c) Exposure of the nematic liquid to IJV radiation from a mercury 
vapour lamp for 4 hours caused no change in appearance of the film or 
any decrease in the N-1 temperature. 

(d) The low frequency dielectric constants for the nematic liquid 
at 25° C were cn =17 and ci = 6, a positive dielectric anisotropy, e,® + 11. 

(e) The resistivity of the nematic liquid was typically 10‘®“- 10‘^i2 cm. 
at 100 Hz and for oriented samples Pi/Pn was 1»42. 

(/) Controlled alignments of the nematic liquid with the director 
parallel to the glass or other surface were readily obtained. 

In these materials wc therefore have nematogens which are free from 
colour and from the chcmical/photochcmical instabilities which so ad- 
versely affect Schiff’s bases, «-chlorostilbcncs, etc., and have the necessary 
physical and electrical properties for use in twisted nematic display cells. 

Thus, a 12 Mm thick layer of the nematic phase of 4-cyano-4'-/i- 
pentylbiphenyl has a low threshold of 1*1 V,,, ( 50 Hz). On AC applica- 
tion, using a 10 kHz signal, a 12 Mm. thick layer has a delay of 20 msec, 
and a rise time of 10 msec, at lOV,,,. The decay is of the order 250 msec, 
although on visual assessment this is about 100 msec. Twisted nematic 
cells have so far survived continuing life tests of over 2,000 hr while 
being switched at 1 second intervals with bursts of sine wave AC. 
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Mixtures of d'-n-alkyl- and 4'-n-alkoxy-4-cyanobiphenyls 

The only adverse features of the pure mesogens listed in table 1 arc the 
short nematic ranges of the low melting 4'-/j-alkyl compounds and the 
comparatively high melting points of the 4'-n-alkoxy compounds. 

These problems were overcome by using binary, ternary etc. mixtures 
of the compounds in table 1. Microscopic observations of the interface 
edges of thin films of various pairs of compounds from table 1 established 
that eutectics of lower melting points than the pure compounds were 
formed. Some trial compositions were prepared to test this conclusion, 
For example, a binary mixture of the compounds with X^/i-CsHnO 
(55 mol. %) and X-«-C 7 Hi 50 (45 mol. %) gave C-N, 21° C and N-I, 
70*5® C. The nematic melt crystallised only slowly at 4° C. 

To maximise on the melting point depression obtained for any given 
mixture, eutectic compositions had to be established. To avoid the 
lengthy procedure of preparing a large number of mixtures, ideal beha- 
viour of such mixtures was assumed and the Schrodcr-van Laar equation 
used^. The equation is 


logn 


A//a / 1 __I 

B T 


where X is the mol. fraction of component A for which the enthalpy of 
fusion IS A^a . T'a is the melting point of the stable crystal form of 
component A and T is the melting point of the mixture. For an N 
component mixture, N such equations exist. These can be solved 
simultaneously to give X^ and T for the eutectic mixture. A simple 
procedure involves^ calculations that can be done speedily on a Hewlett 
Packard 9820 calculator. A value of T is chosen and the mol. fractions 
(Xf^ A"b, Xq Xn ) arc evaluated. When the sum 

N 

2 ^'-' 

i=A 

the value of T is the eutectic temperature and the mol. fractions define 
the eutectic mixture. Successive approximations allow the eutectic 
temperatures to be found very quickly. Estimates of the N-I tempera- 
tures of eutectics are readily obtained from a linear extrapolation of 
individual N-I values weighted by the eutectic mol. fraction. 

Agreement between predicted and observed transition temperatures for 
eutectic compositions was good, although the measured C-N temperatures 
were usually a little lower ( 2-5° C ) than the calculated values. Two 
typical examples^ are given under mixtures 1 and 2 in table 2, the 
predicted compositions and temperatures being calculated using the 
relevant temperatures and enthalpies in table 1. Mixtures such as these 
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can be cooled to -55" C without crystallisation ; solidification is usually 
achieved only by seeding the nematic liquid with one of the components 

Table 2. Predicted eutectic mixtures of 4'-substituted 4-cyanobiphenyls 
and observed nematic ranges ( "C ) 


Mjxture Composition Predicted Observed 

X (mol.%) C-N N-I C-N N-I 


4'-n-CiHn 

59 1 

4'-«-C7H|5 

41 1 

4'-n-C7Hij 

36 \ 

4'-n-C3H70 

18 

4'-/i-C3Hi,0 

15 

4'-fi-C7H,50 

12 

4 '-n-C»Hi 70 

19 


37-5® -2* 37*5“ 


61 0 60-5 


at low temperatures ( -20 to -30" C). Such mixtures can therefore be 
stored as nematic liquids for long periods in a deep freeze. Mixtures 
such as 2 which incorporate one or more smectogens have not been found 
to form smectic phases even at -55"C. 

The nematic phases of such mixtures have electrical properties closely 
similar to those of 4-cyano-4'~n--pentylbiphenyl and the other mesogens 
listed in table 1. They share the same chemical/photochemical stability 
and therefore provide excellent wide range nematic mixtures for twisted 
nematic displays*’^. 

Mixtures of 4'^n-alkyl’- and 4' -n-alkoxy-4-cyanobiphenyls with other 
nematogens 

The possibility of further widening the nematic ranges of mixtures of the 
biphenyl mesogens was investigated by incorporating solutes with higher 
N-I temperatures. 

Unsaturated analogues of the 4'-n-alkyl-4-cyanobiphenyls will have 
higher N-I temperatures. A sample of 4-cyano-4'-( pent- T-enyObiphenyl 
(C-N, 92*4"C; N-I, 125*5"C) was prepared, but the compound has a 
tendency to polymerise in sunlight. Its incorporation in the biphenyl 
nematic liquid mixtures would consequently detract from their stability 
and such unsaturated additives are considered unsatisfactory. 

We turned instead to 4'-n-alkyl-4-cyano-p-terphcnyls since they have 
very high N-I temperatures and share the chcmica 1/photochemical 
stability of the biphenyl analogues. This investigation is still in progress 
but three examples of such substituted p-tcrphenyls arc given in table 3. 
It is noted that the ketonic precursors ( see Section 3) of these materials 
are also mesogens, and their transition temperatures are given in table 4. 
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Table 3. Transition temperatures and enthalpies* of melting for the com- 
pounds 



X— 

00 



X 

C2-C1 

Temp. ("O 

Ci-N 

Temp. ( °C ) 

Ci-N 

( kcal. mol.-J )* 

N-1 

Temp. (®C) 

/I-C3H7 

179 

182-2 

4-8 

257-5 

n-CsHn 

no 

130 

4.1 

239 

n-CrHut 

* 

134 

00 

3 

221-8 


• The enthalpies of melting arc total enthalpies including those for C,-C, transitions. 
In the case of the /i-CtH,* compound, an extremely complex set of polymorphic 
changes occurs. There are several crystal forms with different melting points, and 
the sample is never obtained entirely in the form of the most stable solid, Ci. The 
enthalpy quoted is worked out from the total area under all the melting and 
crystal-crystal peaks. 

t The compound exhibits a smectic phase which is monotropic with respect to 

some of the solids, including the most stable crystal, m.p. 134° C, and cnantio- 
tropic with respect to others. The S-N transition is 125.5° C. Fuller details about 
the compound await more detailed investigations. 


Table 4. Transition temperatures for the compounds 



O 


C-S« or N S«-Sb Sb-N N-I 

R Temp. (®C) Temp. (°C) Temp. (°C) Temp. (®C) 


C»H5 

223 

- 

- 

282-5 


204-5 

- 

- 

248-5 


178 

204 

212 

239 


* The types of smectic phase have been assigned solely on the basis of microscopic 
examination. 
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To exemplify the effect of adding such p-terphenyl compounds (table 3) 
to the biphenyl mesogens ( table 1 ), some mixtures containing just one 
p-tcrphenyl compound ( 4-cyano-4''-n-pentyl-p-terphenyl ) are given in 
table 5. Eutectic mixture 1 illustrates the effect on 4-cyano-4'-/i-pentyl- 
biphenyl of adding 13*3 mol. % of the terphenyl compound. The C-N 
temperature of the pure biphenyl compound is decreased by about 8-9® C 
and the N-I temperature is increased by about 30° C. The N-I temperature 
for mixtures of biphenyls and p-terphenyls are typically a little spread 
( up to about 3° C ) ; the N-I transition line does not change rectilinearly 
with composition, but has a slight convexity upwards. Mixture 1 crystal- 
lises only with difficulty at — 30®C. 


Table 5. Predicted eutectic mixtures of 4'-substituted 4-cyanobiphenyls and 
4"-substituted 4-cyano-p-terphenyls and observed nematic ranges 


Mixture 

Composition 

X ( mol. % ) 

Predicted 

C-N N-1 

Observed 

C-N N-I 

1 

4'-n-C5Hu 

86*7 






4"-n-C5Hn 

13.3 

17 

64 

13-14 

66-69 


4'-n-C5H,, 

52-6 





2 

4'-n-C7H,5 

35.4 

^ 0-4 

630 

0 

62- 5-65 -5 


4"-n-C5Hn 

12 






4'-n-C3H70 

23.1 ' 






4'-n-C5H|iO 

22.9 





3 

4'-n-C7H,50 

18.8 

9 

91 

5* 

91-92 


4'-»-C8H,70 

23.9 






4"-n-C5Hn 

11*3 . 






♦ The mixture forms a glass at — 20® C and crystallisation has so far not been 
achieved. The glass has become a fully mobile nematic liquid by 5® C. 


Mixture 2 in table 5 shows that, by using 12 mol. % of the terphenyl 
compound, a simple ternary mixture can be produced that has the same 
C-N temperature but a wider nematic range than the more complex 
quinary mixture 2 containing only biphenyl mesogens (see table 2). 

Mixture 3 ( table 5 ) shows that, using more complex eutectic 

mixtures, high N-I temperatures ( approaching 100° C ) can be realised, in 
this particular case by incorporating only 11*3 mol. % of the terphenyl 
compound. This mixture makes available a mobile nematic liquid Over a 
temperature range of approx. 86° C from 5° C. 
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Segregation on storage does not occur with any of the above mixtures 
of biphenyls, but with mixtures containing p-tcrphenyls it is important 
that eutectic compositions are prepared accurately or segregation of any 
excess of the p-terphenyl compounds may occur. 

Cholesteric liquid crystals containing 4' -substituted 4-cyanobiphenyls 

If 10% by weight of cholesteryl chloride or nonanoate is incorporated in 
4-cyano-4'-/i-pentylbiphenyl or one of the mixtures referred to above, 
room temperature cholesterics are produced. These have high values 
and perform well in cholesteric-nematic phase change devices^* Use of a 
cholesteric additive is also a good means of ensuring that twisted nematic 
films are free from areas of reverse twist^. 

Such derivatives of cholesterol are however less chemically / photo- 
chemically stable than the biphenyl nematogens and their use as solutes 
introduces a source of decomposition. 

Ideally, a chemically / photochemical ly stable, optically active com- 
pound exhibiting a cholesteric phase is needed. To achieve the desired 
stability, we prepared pure optically active 4-cyano-4 -( 2 -methylbulyloxy ) 
biphenyl (compound I). This melts at 53*5° C, but does not exhibit 
a mesophase. This was not unexpected, as the chain branching in the 
alkyl group will greatly lower^ the mesophase- isotropic liquid transition 
temperature relative to that of the w-butyloxy compound. However, the 
compound consists of elongated molecules and so it should have a latent 
tendency to form a mesophase, i.e., there should be a latent 1-Ch 
temperature which can never be achieved because crystallisation of the 
melt always occurs first on cooling. Reasonably high concentrations of 
compound I should therefore be tolerable by host nematic liquids without 
destroying the cholesteric properties. Indeed, an estimate of the latent 
I-Ch temperature was obtained by extrapolating the line through the 
transition temperatures for mixtures of various compositions of compound 1 
in either 4-cyano-4'-/i-pentyIbiphenyl ( PCB ) or a binary mixture of 
biphenyl mesogens (figure 2). The low slopes of the lines indicate the 
latent tendency of compound I to give a cholesteric phase, and the 
intercepts of these lines on the temperature axis on extrapolation to 100% 
of the optically active biphenyl gives values of 6° and 12° C for the latent 
I-Ch temperature. 

To illustrate the use of this material ( A// « 3*5 kcal. mol. * ), we 
quote one reasonably low melting (C-Ch, ll‘5°C)and fairly wide range 
eutectic cholesteric mixture (Ch-I, 53° C ) prepared from compound 1 
t40 mol. %) and the w-pentyl (21 mol. % ), w-heptyl (17 mol. %) 
and n-ocfyl (22 mol, %) ethers of 4-cyano-4'-hydroxybiphenyl. Crystal- 
lisation does not occur on shock cooling to -55°C and only slow 
crystallisation can be induced by seeding at -20° C. The cholesteric liquid 
crys’tal has a pitch of 4-0 Mm. and a 50 Mm. layer gave completion of the 
phase change at 27 Vrmt (5*4 x 10^ Vm. * )^. 
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Figure 2 Plot of mcsophasc-isotropic liquid transition temperatures for (o) a mixture 
of two biphenyl nematogens (n). (^) pure 4-cyano-4'-«-pentylbiphenyU 
PCB (O) against the amount ( mol. % ) of dissolved, optically active 4- 
cyano-4'-( 2'-mcthylbutyloxy ) biphenyl (I) 

The optically active compound I is therefore a valuable means of 
producing stable cholesterics with highly positive c. values for use in 
cholesteric-nematic displays which have several advantages over dynamic 
scattering displays. Furthermore, as little as 1% of the optically active 
compound 1 induces a pitch of the required order (approx. 100 yum*. ) to 
avoid areas of reverse twist in twisted nematic cells prepared using mixtures 
of biphenyl nematogens. In both these uses, the chemical /photochemical 
stability of the host nematic is preserved. 

The smectic phase of the 4*-n~alkyl- and 4'-n~alkoxy-4-cyanobiphenyls 

Three of the higher members of the two series of biphenyl mesogens in 
table I exhibit smectic phases, the n-octyl compound giving a stable 
smectic liquid crystal at room temperature. Still higher members of the 
scries, particularly the n-alkyl series, are low melting smectogens which 
give no nematic phases. For example, a non-eutectic mixture, C-S, 57*0 
and S-I, 89* rc, is formed from the C 12 , Cu, Cu and Cig ethers. 

The smectic phase exhibited by these compounds has not been character- 
ised and is probably novel in type^ The enthalpy for the S-N change 
is very small— of the same order or less than that for the N-I transitions. 
The smectic phase has a strong tendency to be completely homeotropic, 
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and so no texture for it can be described. The interference figure is 
therefore readily obtained and is positive uniaxial. Standard compounds 
exhibiting classified smectic phases of the various kinds in the temperature 
region in which the biphenyl mesogens exhibit their smectic phase are 
not common. However, some miscibility studies have been made despite 
differences in the transition temperatures for the pairs of compounds. 
The smectic phase of the biphenyl mesogens seemed immiscible with S^, 
Sb and So phases and did not apparently belong to any of these classes. 
The phase is homeotropic, but not isotropic, and so is not Sp. 

To check that the smectic is not or Sp, preliminary x-ray studies 
were carried out by Dr. J. Lydon’ of Leeds University, using for 
convenience the room temperature smectic phase of the n-octyl compound’ 
The x-ray diffraction pattern is different from that of any other thermotropic 
smectic phase yet reported. It shows a sharp inner ring corresponding to 
a spacing of approx. 30 A and two diffuse outer rings in the 4-4*5 A region. 
The layer thickness does not therefore correspond to the molecular length 
which is approx. 22 A- It is suggested that each smectic layer consists of 
two sheets of the elongated molecules which lie with their long axes 
normal to the layer planes, but with the n-alkyl chains completely 
overlapping in the centre of the layer. Both surfaces of a given smectic 
layer would therefore consist of the terminal cyano-groups associated 
with the two sheets of overlapping molecules. The two diffuse rings may 
relate to features of the molecular packing in two different directions in 
the planes of the layers. Further studies of this smectic phase are now 
being made ( J. Lydon, unpublished work), but on the evidence presently 
available the smectic phase does not conform with de Vries’s classification 
of hitherto known smectic phases, based on their x-ray diffraction 
patterns^®. The smectic phase seems therefore to be of a new type. 

It is emphasised however that only one compound, i.e., the n-octyl 
derivative, has as yet been examined by x-ray methods. We have not 
yet had time to carry out miscibility studies on the C 12 , Cu, C 16 and 
C 18 ethers of which the quaternary mixture does give a fan-texture similar 
to Sj, or Sb- At the present moment, therefore, we cannot be certain 
whether 

{a) the higher homologues of the n-alkoxy compounds do give 
the new smectic phase, or 

{b) the new smectic phase, which is obviously structurally similar 
to a or Sp, gives a texture similar to these phases when the 
alkyl.chain of the alkoxy group is sufficiently long. 

A decision between these possibilities awaits further experimental 
studyf 
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3. Experimental 

Preparation of materials 

4 -Bromo p terphenyl was prepared by the method of Cade and Pilbeam^*. 
Yields were inferior to that (48*5%) reported by these authors and ranged 
from 25-45%. Contamination of the crude product with p-terphenyl and 
4,4''-dibromo-/)-lcrphcnyl differed in its relative extent from one run to 
another, and variable losses were involved in obtaining pure monobromo- 
compound ( A/, 309 ) which had m.p. 227-8 C ( lit. m.p. 220-2 C). 

4-Bromo 4''-propionyJ -p terphenyI. 4-Bromo-p-terphenyl (16 g., 0-052 
mol. ) was dissolved in pure, dry nitrobenzene ( 450 ml. ) and lightly crushed 
anhydrous aluminium trichloride (8 g., 0-06 mol. ) was added. Propionyl 
chloride (6 g., 0-065 mol.) dissolved in nitrobenzene (50ml.) was added 
to the stirred mixture at 0-5° C over a period of 20 min. The mixture 
was left to stand overnight at room temperature, after which it was poured 
onto a mixture of ice, water and concentrated hydrochloric acid and stirred 
for 30 min. The organic layer, diluted with chloroform, was separated, 
washed with water and steam distilled to remove solvents. The solid 
residue was extracted into chloroform ; the dried extract was evaporated 
to dryness and the residue crystallised twice from ethyleneglycol monomethyl 
ether, in the first case using decolourising carbon. Colourless crystals 
( 1 1 -5 g., 61^0 ) ^f ihe ketone ( Found : C, 68-8 ; H, 4-4 ; Br, 22-3%, ; M 365, 
C2iHi7BrO requires C, 69-0; H. 4-65; Br, 21-9%; M 365 ) were obtained 
(single spot on t.l.c. ). A further crystallisation did not alter the m.p. 
of 223° C ( see also table 4). 

By the same method, we prepared and purified (1)4 bromo-4''-«- 
pentanoyl-/)-tcrphenyl (single spoi on t.l.c.) in a yield of 63"o (Found; 
C, 70-0; H, 5.4; Br, 20-0‘;„ ; M 393. C:3H:,B!0 requires C, 70-2; H, 5-35; 
N, 20-3% ; M 393 ), m.p. 204-5° C ( see also table 4) and (2) 4-bromo-4''-/7- 
hcplanoyl-p-terphenyl (single spot on t.l.c.) in a yield of 74% (Found; 
C, 71-2 ; H, 6-0 ; Br, 18-7% ; M, 421. C:5H:5BrO requires C, 71-3 ; H, 5-9 ; 
Br, 19-0% A/, 421 ) m.p. 178° C ( 5ee also table 4). 

4- Bromo-4''~n- propyl -p-terphenyL Potassium hydroxide ( 5-6 g., 0- 1 mol.) 
98% hydrazine hydrate ( 8 ml. ), diethylene glycol ( 500 ml.) and water (2 ml.) 
were stirred until the potassium hydroxide had dissolved. 4-Bromo-4'- 
propionyl-/j-terphenyl (12-2 g., 0-033 mol.) was added slowly at a temperature 
of 130° C. A vigorous reaction occurred and the heating rate was reduced. 
After completion of the addition, the mixture was heated at 130-150° C 
for 2hr. While distilling off volatile matter, the temperature was raised 
to 180° C and held there for 4hr. On cooling, solid separated from the 
mixture. This was dissolved in chloroform, water added and the organic 
layer separated. The chloroform solution was washed thoroughly with 'water, 
dried and evaporated to dryness. The residue was sublimed at a bath 
temperature of 210° C at 0-2 mm. and the sublimate crystallised from toluene. 
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The colourless crystals ( 8-2 g,, 68%) ( single spot on t.l.c.) had m.p. 249-5* C. 
unaffected by further crystallisation (Found: C, 71*5; H. 5*3; Br 22-4%; 
A/, 351. C 2 iHi 9 Br requires C, 71*8 ; H, 5-45 ; Br, 22-75^^0 ; Af 351 ). 

Using the same method, we prepared and purified ( 1 ) 4-bromo~4''- n- 
pentyl-/ 7 -terphenyl (single spot on t.l.c.) in a yield of 67% (Found; C, 72-4: 
H. 5-9; Br, 21*0% ; A/, 379. C 23 H 23 Br requires C. 72-8; H, 6-1 ; Br, 21-1%; 
A/, 379 ), m.p. 251° C and (2) 4 “bromo- 4 "-w-heptyl-/ 7 -terphenyl ( single spot 
on t.l.c.) in a yield of 60% (Found: C, 73-5; H, 6-4; Br, 19-4‘'n; A/, 
407. CisH.TBr requires C, 73-7; H, 6 - 6 ; Br, 19-7%; Af, 407 ), m.p. 225° C. 

4-Cyano-4'’-n-propyl~p-terphenyl. A mixture of 4-bromo-4''-fi propyl-p- 
terphenyl (7g., 0*02 mol. ), dried cuprous cyanide ( 5*75 g., 0-03 mol. ) and 
anhydrous dimethylformamide ( 90 ml. ) was heated for 12 hr under reflux. 
The cooled reaction mixture was poured into a solution of hydrated ferric 
chloride (7*3g. ) in water (75 ml.) containing concentrated hydrochloric 
acid ( 1-5 ml. ) and the mixture heated and stirred at 60-70° C for 20 min. 
Organic material was extracted into chloroform and the extract washed 
with 5N-hydrochloric acid, water, lO^/o aqueous sodium hydroxide and water 
in that order. The dried extract was freed from solvent by evaporation 
and the residue purified by column chromatography on silicic acid using 
chloroform to elute the column. The cyano-compound ( single spot on t.l.c.) 
was finally sublimed at a bath temperature of 200-210° C at a pressure of 
0*3 mm. The colourless product ( 2-4 g., 40% ) had m.p. 182-2° C (see also 
table 3) (Found: C, 88 - 6 ; H, 6.5; N, 4-6%; A/, 297. C 22 H, 9 N requires 

C, 88-8 ; H, 6-45 ; N, 4*7% ; M, 297 ). 

By the same procedure we obtained colourless samples of ( 1 ) 4-cyano- 
4 ''-n-pentyl-/ 7 -terpheny 1 ( single spot on t.l.c. ), m.p 130° C ( see also table 3 ) 
in a yield of 43% (Found: C, 88-5: H, 7-2; N, 4-3%; A/, 325. C 24 H 23 N 

requires C, 88*6 ; H, 7- 1 ; N, 4-3%; A/, 325 ) and ( 2 ) 4-cyano-4''-«-heptyl- 
p-terphenyl (single spot on t.l.c.), m.p. 134° C ( .vf’c also table 3 ) in a 
yield of 45% (Found: C, 88-2; H, 7-5; N, 3-9%; A/, 353. C 26 H 27 N) 

requires C, 88-4; H, 7-6; N, 4-0%; A/, 353 ). 

( — ) 4-Cyano-4'~( 2''-methylhutyloxy)hiphenyL ( a ) To a solution of 
toluene-/?-sulphonyl chloride (18g., 0-094 mol. ) in dry pyridine (75 ml.) 
at -5° C, commercial ( - ) 2-methylbutan-l-ol ( 7-5 g., 0-085 mol.) was added 
in one portion. The solution was maintained below 0° C and stirred for 
2 hr. Water ( 15 ml. ) was added in portions of 1, 1, 1, 2, 5 and 5 ml. at 
5 min. intervals, the temperature being maintained below 5°C. The solution 
was diluted with water ( 75 ml. ), shaken with chloroform and the extract 
washed successively with water 2N-sulphuric acid, water, 15% aqueous 
sodium J)icarbonate and water, and finally dried. The chloroform was 
removed and the residue distilled. ( — ) 2-Methylbutyl toluene-/7-sulphonate 
(31-5g., 76-5%) was collected as a colourless oil, b.p. 149° C at 0-5 mm. 

( ) To 4-cyano-4'-hydroxybiphenyF ( 1*95 g., 0-1 mol. ), a solution of 

sodium (0-23g., 0-1 g. atom) in dry ethanol (30 ml. ) was added and the 
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mixture stirred until a solution was obtained. The ethanol was distilled 
off under reduced pressure, dry dimethylformamide ( 55 ml. ) and the tosylate 
( 1*93 g., 0*11 mol. ) were added and the reaction mixture was heated and 
stirred at 110-130'’ C for 7 hr. After leaving to stand overnight, the mixture 
was poured into water (100ml.) and the organic matter extracted into 
ether. The extract was washed successively with water, 15% aqueous 
sodium bicarbonate and water, and then dried. After removing the solvent, 
the residue was purified by column chromatography on silicic acid using 
chloroform for elution. The product was crystallised from ethanol and 
finally distilled ( b.p. 130-135° C at 0*3 m.m. ). The yield of colourless 
solid, m.p. 53-5° C, was 0*64 g. (24%) ( Found : C, 81 -7 ; H, 7*6; N, 5*0%; 
M, 265. CisHjqNO requires C 81-7; H, 7-6; N, 5*0%; A/, 265 ). The 
product gave a single spot on t.l.c. on silicic acid using chloroform as 
solvent (/?y = 0'4), and the specific rotation of a chloroform solution 
[ (1 ]M° 4 10°. The purity of the product was 99*6% as measured by g.l.c. 

4-Bromo~4’~{ pent-T-enyl )hiphenyl. (a) 4-Bromo-4'-n-pentanoylbi- 
phcnyl ^ ( 1 *6 g. ) dissolved in dry ether ( 50 ml. ) was added ( 30 min. ) 
with stirring to lithium aluminium hydride ( 1 g. ) in ether (50 ml.). 
Stirring was continued for 30 min. and the mixture was then heated 
under reflux (15 min.). Excess of reducing agent was destroyed (ethyl 
acetate) and a solution of ammonium chloride added. The ether layer 
was separated, washed with ammonium chloride solution and with water 
and then dried. Removal of the ether gave a solid (single spot on t.l.c.) 
which was crystallised from a mixture of toluene and petroleum ether 
b.p. 40-60° C). The colourless alcohol (Mg., 68%), m.p. 107° C had A/, 
319 (C, 7 H, 9 BrO requires A/, 319). 

(h) The above alcohol ( 1 g. ) was dissolved in 99% formic acid 
( 50 ml. ) and heated under reflux for 20 min. The mixture was pour-^d 
into water ( 150 ml. ) and the product extracted into ether. The extract 
was washed with water and dried. Removal of the ether and crystallisation 
of the residue gave the colourless olefin, 0*8g. (85%), m.p. 165°C. Mass 
spectrometry gave the required value of A/, 301, but revealed traces of 
dimer and trimer. The tendency to polymerise was demonstrated by t.l.c. 
which revealed a succession of spots of lower values which appeared 
after exposure of the monomer to sunlight and gradually intensified with 
length of exposure of the monomer to sunlight. 

4-Cyano-4'-( pent-H-eny! )biphenyl. 4-Bromo-4 -( pent-T-enyl )biphenyl 
( 15 g.) was converted into the cyano-compound by heating with cuprous 
cyanide according to the procedure given above for 4-cyano-4'-n-propyl- 
p-tcrphenyl. Exposure of the reaction mixture and product to light was 
kept to a minimum. The product from column chromatography was 
crystallised twice from petroleum ether (b.p. 60-80° C). The colourless 
crystals, m.p. 92«5°C (also N-I, 125»5°C) were obtained in a yield 
of 44% (Found : C, 87-2 ; H. 7-0; N. 5-6% ; A/, 247. C,gHnN requires 
C, 87*4; H, 6*8 ; N, 5*7% ; Af, 247). The product gave a single spot 
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on t.I.c. and was less rapidly polymerised by the action of light than 
the bromo-precursor. 

Physical measurements 

Optical microscopy was carried out using a Nikon L-Kc polarising 
microscope (Projectina Co. Ltd., Skelmorlie, Ayrshire, Scotland) fitted 
with a Mettler FP 52 hot stage and programmed temperature controller 
(Mettler Instruments AG, CH-8606 Greifensee - Zurich, Switzerland) by 
means of which transition temperatures were measured. Observations and 
measurements at low temperatures were made using a polarising micro- 
scope and cold stage (C. Reichert, Optische Werke AG, Wien, Austria). 

All mesogens were examined by D.T.A. using a low temperature 
thermal analyser (Stanton Redcroft Limited, Copper Mill Lane, London) 
to check i)n the number of transitions and the temperatures of transition 
obtained by optical microscopy. 

Enthalpies of transition were measured using a Du Pont thermal 
analyser fitted with a D.S.C. cell [DuPont Co. (L.K.) Limited, Hitchin, 
Herts. ]. 

Molecular weights were measured by mass spectrometry ( M.S. 902) 
and elemental analyses vsere carried out by Weiler and Strauss, 10, Carl- 
ton Road, Oxford. Gas liquid chromatography was done using a glass 
column ( 1*5 m long and 2 mm internal diameter) packed with 3% OV225 
on Gas Chrom. Q ( 100-120 mesh) at 230° C using a nitrogen gas flow of 
12 ml./ min. 
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DISCUSSION 

Demus ! Are nitro-compounds less stable than cyano-compounds, especi- 
ally in DC field ? 

Gray ; We did prepare the nitro analogues of several of the cyano com- 
pounds reported in my paper. The compounds are yellow, and the phases 
arc either monotropic or of a narrow enantiotropic range. We did not 
therefore pursue these materials further and have not examined the 
stabilities of the mesophascs of the nitro compounds in DC fields. 

Surendranath : Have you any comments on the effects of substituents in 
2,2' and 3,3' positions in the alkyl cyanobiphenyl system? Have any 
studies been made on the effect of lateral substituents in the tcrphcnyl 
system ? 

Gray : From our earlier studies of the effects of lateral substituents on 
biphenyl mesogens carried out many years ago, we know that introduction 
of such substituents into the cyanobiphenyls under discussion would give 
very low N-I temperatures. The compounds would therefore be either 
strongly monotropic nematic or non-mesomorph ic. The introduction of 
lateral substituents into the cyano-p-terphenyl mesogens is a much more 
interesting subject for study. 

de Vries : Was the x-ray diffraction pattern with the low diffuse outer 
rings obtained with monochromatic radiation or with filtered radiation? 
In my own work 1 have always worked with filtered radiation. In that 
case one always obtains an additional diffuse ring corresponding to about 
9 A {'pacing. This ring is caused by the white radiation. Because of the 
presence of this ring we would not be able to notice the second diffuse 
outer ring mentioned by you. Thus it could well be present in' all 
S phases. 

Gray ; The x-ray diffraction diagram was obtained using monochromatic 
radiation. 

Dtmus : We have found that nitro and cyano compounds tend to homeo- 
tropy. Have you the same experience? 

Gray : The 4-cyano-4'-n-alkyl- and -4'-n-alkoxybiphenyls behave very 
well with regard to surface alignment. On clean surfaces, homeotropic 
alignment is easily achieved, but on rubbed surfaces, alignment parallel to 
the surfaces is readily given as required for twisted nematic displays. 
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New series of thermotropic liquid crystals with low temperature 
smectic A phase 

J CANCEILL, C GROS, J BILLARD* and J JACQUES 
Laboratoire de Chimic organiquc des Hormones 

Abstract. Series of derivatives of fluorene and 9, 10-dihydrophcnan- 
threne with diverse alkyl, alkoxy or acyl groups have been synthesised. 
Many members have a lateral methyl group on a chain. Most of 
compounds exhibit one or several liquid crystalline phases. The 
temperatures of transitions are given. The contribution of the emplace- 
ment of the lateral methyl group on the liquid crystallinity is 
studied. The nature of some mesophascs is determined by isomorphy 
The best compound having a smectic A phase at low temperatures has 
a melting point at 21 "C. Many mixtures with a smectic A phase at 
lower temperatures arc possible With these compounds one can have 
focal conic and homeotropic textures without difficulty. The compounds 
described, cither pure or in mixtures, arc uncoloured and stable 
in air. 


1. Introduction 

Mi^ny different series of stable and colourless compounds showing a stable 
nematic phase at room temperature, suitable for applications, arc currently 
available. Some applications { information and storage displays^, monochro- 
mators for x-rays of large wavelength, etc. ) require a smectic A phase 
satisfying the same conditions. The availability of such phases simplifies 
many physical measurements and makes easier the fundamental study of 
this modification of condensed matter. Except the 4,4'-diheptylazoxy- 
benzene^ which is coloured yellow, most of the substances showing a low 
temperature smectic A phase do not have sufficient chemical stability. 
Hence most of the series studied so far do not seem favourable. 

Gray and Ibbotson^ obtained smectic phase with fluorene derivatives 
(figure 1): four esters of 7-alkoxyfluorene-2-carboxylic acids and four 
2-acetyl-7-alkoxy fluorenes. These results led us to study more completely 
the disubstituted fluorenes and, by extension, the 9, lO-dihydrophenan- 
threnes disubstituted in 2 and 7 (figure 1 ). 

• Physique dc la Matiirc condens^e. College dc France, Paris and Unversitd dcs 
Sciences ct Techniques de Lille, France. 
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Figure 1 Structural formulae of the hydrocarbons : (a) fluorcnc \ (b) dihydro-9, 10- 
phenanthrcnc. 

2. Methods of preparation 

The general method of preparation is shown schematically in figure 2. It 
works just as well for the derivatives of fluorene as for those of the 
9, lO-dihydrophenanthrene. Firstly, it consists in condensing the acid 



W„ 


n 5 1 f luortnut 1 

n = 2 dihydro 9-10 phonanthronot 

Figure 2 General method for the preparation of the fluorenes and disubstituted 9,' 10< 
dihydropheoanthrenes . 
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chloride ( the Friedel-Crafts reaction ) on the suitable hydrocarbon 2 to 
obtain the ketones of type 3, which when submitted under similar condi- 
tions to the same acid chloride or to a different one give way to the 
diketones 4. By reduction using the Kishner-Wolff, or the Clcmmensen method 
or any other method of hydrogenation, the kcioncs of type 3 give rise 
to the alkylated compounds 5, which by the Friedel-Crafts reaction with 
suitable acid chlorides easily lead to the product 1. Except where 
specifically stated in the text all these compounds arc colourless. 


3. Mesophases 

The transitions of the prepared compounds have been studied with a 
differential scanning calorimeter ( Perkin-Elmcr DSC 2). The textures of 
the phases have been observed between cover slips with a polarizing 
microscope (Leitz Panphot) equipped with a heating and cooling stage 
(Mettler, F P5 ). Using the contact method'^ some of these phases have 
been identified by isomorphy^ with mesophases of reference compounds of 
the Halle School^. Among these ninety five mesomorphogenic compounds 
studied until 1968, eighty one have a smectic A phase (S^) sixteen a 
smectic B phase ( ), thirty four a smectic C ( ), and fifty one a 
nematic phase ( N ). 


A. Disubstituted Jiuorenes 

( a ) 2, 7 -disubstituted fluorenes with normal alkyl chains 
( 1 ) 2, 7-di-n. acylfluorenes 

The compounds of this series arc mentioned in tabic 1. None of these 
compounds has a stable smectic A phase below 100'" C. If the molecule is 

Table 1 Transition temperatures of the 2-7-di-n. acylfluorenes : 



n-1 

m 

S 

Sa 

L 

4 

4 

- 

- 

155 

4 

8 

- 

101 

154-5 

4 

11 

- 

100-5 

151 

6 

6 

141-5 

149-5 

159-5 

6 

11 

- 

105 

155-5 

11 

11 

- 

133 

148-5 


15 

133-5 

- 

139 


In this tabic, as also in the following ones, the temperatures arc indicated in 
Celsius degrees for the transition between a lower temperature stable phase and the 
phase indicated at the top of the column. The data written here are those of second 
heating if they are different from those obtained at the first heating. 
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symmetric and the alkyl chains long enough, the smectic A phase is 
replaced by a phase which seems to be smectic B. 

( 2 ) 2-n-Qcyl~7-n. alkoxyfluorenes 

These compounds are listed in table 2. The smectic A phase of the 
compound n =- 4, m == 8 has a very anisotropic viscosity and is very 
homeotropic, it forms Grandjean terraces easily. The crystals appearing 
by cooling of the smectic A phase are like needles and are bent : their 
direction of lengthening is at every point perpendicular to the lengthening 
direction of focal conics from which they are formed. It is a case of 
pseudomorphosis of the smectic A phase resembling those noticed by 
Fricdcl’. The transition enthalpies are : 

C f-* 6*20 kcal/mole 

L 2»35 kcal/mole 


Table 2 Transition temperatures of the 2-n. acyl-7-n 

. alkoxy fluorenes : 

O 



”2m + l " • 

n-1 

m 

Sa 

L 

4 

8 

114 

152 

6 

3 

106 

152 

6 

8 

117 

149 

6 

14 

105-5 

133 

7 

1 

106* 

108* 

8 

1 

98* 

108*5* 

9 

1 

100* 

no* 

10 

1 

97-5* 

109* 

11 

8 

109 

138 


• From Ref. ( 3 ) 


( 3 ) 2-n. acyl-7-n. alkylfluorenes 

The six compounds of this type which have been prepared are listed in 
table 3. On cooling the phase of the compound n - 1 = 4, m = 9 there 
appears a monotropic crystal modification which is in equilibrium with 
supercooled at 94*5'' C. The compound n - 1 •= 6, m =« 5 shows two crystal - 
crystal transitions at 72*5 and 76° C. The kinetic of this last transition is 
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Table 3 Transition temperatures of the 2-n. acyl-7-n. alkyl fluorenes : 



.1 H2„.1_C_ 

o 


© 

+ 1 

n . 

. n-1 

m 

Sb? 


Sa 

L 

4 

9 

- 


101-5 

111-5 

6 

5 

(92) 


93 

125 

8 

5 

- 


79-5 

121 

8 

9 

- 


108-5 

115-5 

11 

5 

- 


99 

114-5 

11 

9 

- 


101 

112-5 


The temperature in paranthesis indicates a monotropic transition. 

very slow and by heating, at l°C/min, the middle crystalline phase becomes, at 
90'' C, a monotropic smectic B phase. The S;^ phase of the compound n - 1 « 11 , 
m = 5 stays in supercooled state until 65"' C where it gives rise (o a 
monotropic crystalline modification. This last one, heated, gives a 
monotropic smectic A phase at 91° C which leads to the stable crystalline 
phase at 91 *5° C by an exothermic transformation. During the crystallisa- 
tion of n - 1 = 8, m = 5 and n - I == 11, m =- 5 compounds, the prepara- 
tions cracks : the specific volumes of the crystalline phases are smaller than 
those of Sa mesophascs. The supercooled phase of n - 1 =- 1 1, m = 9 is, 
at 94° C, in equilibrium with a second monotropic crystalline modification. 

( 4 ) 2-n, aIkoxy-7-n. alkylfluorenes 

The five compounds of this kind which have been prepared are listed in 
table 4. The n = 8, m =- 5 compound presents a crystal - crystal transition 
at 73° C. The crystals obtained by cooling of the phase have the same 
properties as those of the n 4, m =- 8 compound of table 2. 

( b ) 2, 7 -disubstituted fluorenes with branched alkyl chains 

Gray and Harrison* have shown that a lateral methyl group on an 
alkyl chair could increase the smectic thermal stabilities in esters of 
the 4-benzylideneamino-cinnamic acids. We have prepared some racemic 
mixtures of fluorenes with branched chains hoping to obtain in certain 
cases mesomorphic compounds which are optically active or diastereo- 
isomeric. 
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T«ble 4 Transition temperatures of the 2-n. alkoxy-7-n. alkyl fluorenes : 


n C 



^2m+l 


n • 


n 

m 

Sa 

L 

3 

7 

- 

104.5 

8 

5 

93.5 

102 

8 

7 

94-5 

97.5 

8 

12 

83 

93 

14 

7 

82-5 

90 

2-( 3-methylacyl )-7- 

-n. 

dodecanoylftuorenes 



Two racemic mixtures have been prepared (table 5). The smectic phases 
stable at a low temperature have not been identified yet. 


(2) 2-( 2-methyl nonanoyl )-7-n, pentyl fluorene 

This racemic mixture does not show a mesophasc. It melts at 62° C and the 
supercooled liquid is in equilibrium with a second monotropic crystalline 
modification at 45‘5°C. 


Table 5 Transition temperatures of the 2-( 3-mcthyl-acyl )-7-dodecanoyl- 
fluorenes ( racemic mixtures ) : 


CnHzn+l- 



n»23 


n . 


n 

? 

c/3 

0 

i 

Sa 

L 

3 

- 

78 

92-5 

102 

6 

78-5 

82 

94.5 

98*5 


( 3 ) 2-( 2-methylacyl )-7-n. alkoxyftuorenes 

Among the four racemic mixtures prepared (table 6) only one possesses 
a Sa phase. It is stable at nearly surrounding temperature. 
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( 4 ) 2-n, heptanoyl-7-( 2-methyl-n. undecyloxy )-fluorene 

The racemic mixture melts at 95° C. A monotropic Sa mcsophase is in 
equilibrium with the supercooled liquid at 91 *5° C. 


Table 6 Transition temperatures of the 2~( 2-methyl-acyl )-7-n. alkoxyfluo- 
renes (racemic mixtures): 



n-2 


m 


Sa 


L 


4 

4 

9 

9 


3 

8 

3 

8 


34*5 


91 

36*5 

69 

55 


( 5 ) 2-n. acyl-7-( methyJalkyl )~fluorenes 

Among the prepared compounds ( table 7 ) some of them possess a stable 
Sa phase. The m = 9, p = 1 compound has a second crystalline 

monotropic modification in equilibrium with its monotropic Sa mesophasc 
at 40° C. The specific volumes of crystalline stable phases of the 
compounds n-l«=4, m = 9, p = 1; n-l«=8, m«=5, p“3 and n - 1 » 8, 
m « 6, p = 2 are smaller than those of their mesophases. The Sa phases 
of the compounds n-l-=4, m=6, p»=2 and n-l==8, m = 9, p«2 
present quite perfect homeotropy between cover slips. The crystals obtained 
from a homeotropic area give, by melting, a homeotropic area whatever 
be the extinction angle. The compound n-I = 5, m = 5, p*=3 presents 
a crystal - crystal transition at 81 *5° C and the compound n - 1 - 8, m - 5, 
p «= 3 at 74° C. The compound n-l-= 11, m=*6, p«2 presents another 
transition under 66° C. The compound n-l*=ll, m«-9, p=0 has a 
second crystalline monotropic phase in equilibrium with the supercooled 
liquid at ^60*5° C. The compound n-l«9, m«9, p-^O has a mono- 
tropic mesophasc in equilibrium with Sa supercooled at 60*5° C. 

The farther from the nucleus fluorene is the side methyl group greater 
is the temperature range of the mesophases Sa of these compounds. 
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Table 7 Transition temperatures 
renes { racemic mixtures ) 

of the 

2-n. acyl-7“( methyl alkyl )~fluo. 

»C„.iH2n- 

o 

u 


^(CH2^C?H_C„.p. 

CHj 

-l ^{m.p)-J 

n-1 

m 

P 

s* 

L 

2 

6 

2 

107 

108-5 

2 

9 

2 

(93) 

98-5 

4 

6 

2 

61 

97-5 

4 

9 

0 

- 

42 

4 

9 

1 

(61) 

71-5 

4 

9 

2 

51 

84 

4 

11 

1 

(57-5) 

61 

5 

5 

3 

99 

102 

6 

5 

3 

88 

105 

8 

5 

3 

80-5 

100.5 

8 

6 

2 

63-5 

89 

8 

9 

0 

- 

62 

8 

9 

2 

61-5 

78-5 

11 

6 

2 

66 

85-5 

11 

9 

0 

- 

71 

11 

9 

1 

(75.5) 

78 

11 

9 

2 

67-5 

76-5 

11 

11 

1 

- 

76 


( 6 ) 2-( 2-methylhexyl )-7-octyloxyfluorene 

This racemic mixture melts at 59* 5° C and has a monotropic Sa mesophase 
in equilibrium with the supercooled liquid at 

(c) Various fluorenes 

With a view to exploring for new materials, three fluorenes not belortging 
to the preceding series have been synthesised. 
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( 1 ) 2-n, heptanoyl~6-n. pentylfluorene 

This 2, 6-substituted fluorene (figure 1) does not possess any mesophase ; 
it melts at 87° C. The homologue 2, 7-disubstituted (tabic 3) posesses a 
stable Sa phase between 93 and 125° C. The 2, 6-derivatives seem to be 
less favourable than the 2, 7-derivatives. 


( 2 ) 2-n. pentonoyl-7-n, dodecanoyl-9-fluorenone 

This compound, yellow colored, is Sa between 149 and 183*5° C. 

( 3 ) 2-n. dodecanoyl-7-n. octyloxy-9-fluorenone 

This compound, yellow colored, is Sa between 95 and 13r’C. 


B. 2, 7-disubstituted 9, lO-dihydrophenanthrenes 

To our knowledge, the preparation and the description of the properties 
of some of these compounds have never been studied by chemists interested 
in mesomorphic properties. 


(a) 9, 10-DlHYDROPHENANTHRENES DISUBSTITUTED WITH NORMAL ALKYL CHAINS 
( 1 ) 2, 7-di~n. heptanoyl-9, 10-dihydrophenanthrene 

This compound melts at 58° C and possesses a smectic A monotropic phase 
in equilibrium with the supercooled liquid at 35° C. 


(2) 2-n. acyl-7-n. alkyl-9, lO-dihydrophenanthrenes 

Most of these compounds (table 8) possess smectic A phases stable at 
low temperatures. The Sa and N phases of the compounds n - 1 2, 

m «= 8 and n - 1 = 4, m = 7 show perfect homeotropy. 


(3) 2-n. pentyl-7-n^ heptyl-9, lO-dihydrophenanthrene 

This compound melts around 22° C and does not possess mesophase, which 
is the reason why wc have mainly explored compounds with an acyl 
group. 



406 


J CanceiJl, C Gros, J BilJard and J Jacques 


Table 8 Transition temperatures of the 2-n. acyl-7-n. alkyl-9, 10-dihydro- 
phenanthrenes : 


-1 

Hzn.l-CO- 



^2m + l ^ • 

n-1 

m 

S* 

N 

L 

2 

8 

- 

31.5 

39 

2 

9 

- 

45 

47.5 

3 

6 


- 

32.5 

3 

8 

- 

(20) 

36.5 

4 

5 

- 

(34) 

40 

4 

6 

(30) 

(32) 

41 

4 

7 

(30) 

(36) 

(39) 

4 

8 

22-5 

31.5 

33 

4 

9 

34 

36-5 

38 

5 

5 

29*5 

- 

38.5 

5 

6 

34 

- 

42 

5 

7 

39 


42*5 

5 

8 

33 

- 

48 

5 

9 

40 

- 

46 

6 

5 

30 

- 

49 

6 

6 

28 

- 

51 

6 

7 

40 

- 

55 

6 

8 

35-5 

- 

56 

7 

5 

(51.5) 

- 

57.5 

7 

6 

(49) 

- 

50 

8 

5 

54 

- 

57 

8 

6 

56-5 

- 

61. 5 


(b) 2, 7 -disubstitutbd 9, IO-dihydrophenanthrenes with a branched 

CHAIN 

( 1 ) 2-( methylacyl J-J-n, alkyl-9, lO-dihydrophenanthrenes * 

The three racemic mixtures prepared are listed in table <9. Only one 
homolog, the methyl of which is very far from the nucleus, has a stable 
mesophase. 
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Table 9 Transition temperatures of the 2-{ methyl-acyl )-7~n. alkyl-^9, 10- 
dihydrophcnanthrencs ( racemic mixtures ) : 


Cn.p.2H2n.2p.3-CH -(CH2)p«CO. 
CH3 



n-p-2 

P 

m 

S. 

L 

2 

2 

5 

- 

21 

6 

1 

7 


33*5 

2 

5 

8 

46 

50 


(2) 2-n. acyl-7-( methylalkyl )-9, lO-dihydrophenanthrenes 

This series, which has the most interesting compounds, is listed in 
table 10. Two of these compounds are smectic between 21 and 37° C. The 
compound n-l«=8, m = 9, p'”2 has a perfect homeotropy between two 
cover slides treated with hexadecyl ammonium bromide^**® and shows 
focal conics between untreated slides ; the molar enthalpies of its transi- 
tions are 4«0 and I *12 kcal/molc (± 5%). 


(c) Various 2, 7-disubstituted 9, 10-dihydrophenanthrenes 
(!•) 2-cyano-7-n. alkyl-9 » 10-dihydrophenanthrenes 

Neither of the two compounds prepared exhibits a mesophase ( hexyl 
Tf- 67° C, 3-methylnonyl Tf - 52° C). 


( 2 ) 7-( 3-methylnonyl )-9, lO-dihydrophenanthrene-2-carboxylic acid 
This compound has a stable nematic phase between I60 and 169° C. 


C. 2, 7-di-n. heptanoylphenanthrene 

This compound has a stable mesophase between 146*5° C and 166° C. 
The similar dihydro-9, 10 [Section 3 B. (a) ( 1)] melts at a lower tempe- 
rature! hilt does not possess a stable mesophase. 
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Table 10 Transition temperatures of the 2-n. acyl-7-( methyl-alkyl >-9 JO- 
dihydrophenanthrenes ( racemic mixtures ) : 



1 

1 

o 

o 


4CH2)p-CH_Cm. 

CHj 

-p-1 ^2(m-p)-l 

n-1 

m 

P 

s. 

L 

4 

6 

3 

( 19-5) 

33 

4 

9 

6 

26-5 

30 

5 

5 

3 

(34) 

60 

5 

6 

2 

(28) 

37 

5 

6 

3 

(28) 

48-5 

5 

9 

6 

2l 

37 

6 

5 

3 

(42) 

43.5 

6 

9 

2 

29 

33 

6 

9 

6 

33 

50 

7 

9 

2 

(26) 

39 

7 

9 

3 

(35) 

48 

8 

5 

3 

- 

61 

8 

6 

2 

39 

42 

8 

6 

3 

(44.5) 

57 

8 

9 

2 

2l 

37.5 

8 

9 

3 

23-5 

35.5 

8 

9 

6 

54 

59 

9 

9 

2 

30 

37 

9 

9 

6 

50.5 

59 

10 

9 

2 

33 

39 

10 

9 

6 

50.5 

59 

11 

5 

3 

- 

61 

11 

6 

3 

(47) 

58 

11 

9 

2 

(35) 

36 

11 

9 

6 

3l 

62 

15 

9 

6 

46 

60 


4 . Identification of mesophases by isomorphy 

The smectic B phase of the 2, 7-di-n. hexadccanoylfluorene ( table 1 ) is 
identified by its total miscibility with the one of the ethyl 4-( 4'-propoxy- 
benzylideneamino ) cinnamate^i : figure 3. This same referei^ce compound 
was used to identify the smectic A phase of the 2, 7-di-n. hcptanoyl- 
fluorene ( table 1 ) : figure 4. 
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To identify the smectic A phase of the 2-( 3-methylhexanoyl >-7- 
dodccanoylfluorene (table 5) we have used intermediary components. We 
have used the 4-acetyI-(4'-butoxybenzylidene) aniline*, whose smectic 
A and nematic phases are isomorphic*^ with those of ethyl 4-( 4'-ethoxyben- 
zylideneamino ) cinnamate : figure 5. We have used the 4-chloro-( 4'-n. 
pentoxybenzylidene) aniline and the 4-chloro-( 4'~n. butoxybenzylidene ) 
aniline, the two smectic phases of which are isomorphic One of these 
phases is isomorphic with the smectic A phase of 4-acetyl-( 4'-n. butoxy- 
benzylidene) aniline and the other one is isomorphic*^ with the smectic 
B phase of the ethyl 4-( 4'-methylbenzylideneamino ) cinnamate **. An 
isomorphy (figure 6) proves that the 2-( 3-methylhexanoyl )-7“dodecanoyl 
fluorene has a smectic A phase. The smectic phase of the di-n. dodecanoyl- 
2, 7-fluorcne (table 1 ) is identified by isomorphy with the smectic A phase 
of the 4-chloro-( 4'-n. hexyloxybenzylidene ) aniline (figure 7), which is 
Itself isomorphic with the smectic A phase of the 4-chloro-( 4'-‘n. penty- 
loxybenzylidcnc ) aniline *3. The smectic phase of the 2-n. nonanoyl-7- 
( 4-methylpentyl ) fluorene (table 7) is isomorphic with the smectic A phase 
of the ethyl 4-( 4'-methylbenzylideneamino ) cinnamate*^ : figure 8. 

To identify the smectic A phase of the 2~n. nonanoyl-7-( 3-methyl- 
nonyl)-9, 10-dihydrophenanthrene (table 10) we have used its isomorphy 
with the smectic phase of the 4-pentylphenol-4-n. octyloxy benzoate (figure 9) 
which is itself isomorphic of the one of the 4-cyano-4'-octyloxybiphenyl*3; 
this last one is identified by isomorphy with the smectic A phase of the 
2-n. nonanoyl-7-( 4-inethylpentyl ) fluorene (see above )*^ 


5. Discussion 

It has been remarked that the more rigid is the central part of the 
mesomorphogenic molecules, greater is the reduction of transition temp«era- 
turcs. The central parts of the fluorenes and of 9, 10-dihydrophenanthrenes 
arc rigid and really some homologs of these series have low transformation 
temperatures. Generally the transition temperatures of the 9, 10-di- 

hydrophenanthrenes arc lower than those of the fluorenes : table 1 and 
Section III B. (a)(1): Tables 3 and 8. This can be correlated with the 
non-parallelism of the two aromatic rings in the 9, lO-dihydrophenan- 
threne. The effects of a side methyl group branched on an alkyl chain 
have been observed in the case of the esters of arylidenaminocinnamic 
acids*. A side methyl group generally lowers the transition temperatures 
( Tables 3 and 7, 8 and 9, 8 and 10. ) When the chain lengths are the same 
the S4 mesophases are generally more stable if the side methyl group is 
farther from the nucleus : tables 7 and 10. This effect chiefly results from 
the increasing of the clearing temperature. The 2-n. acyl-7-n. alkyl- 
9, 10*^ihydrophenanthrenes ( table 8 ) give nematic phases at low tempera- 
tures. r 

* 

* Prepared by Mr. Liebert of the Laboratoire associd au C.N.R.S. de Physique du 
Solide de rUnivenitd de Para Sud. 
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Figure 5 

Isobaric phase diagram of the 
mixtures of 4-acctyl-( 4'-but- 
oxybenzylidene )-aniline ( B ) 
and of ethyl 4-( 4'-cthoxy- 
benzylideneamino ) cinnamatc 
(A). 



Figure 6 

Isobaric phase diagram of the 
mixtures of 4-chloro-( 4'-n. 
butoxybenzylidcne )-anilinc 
(B) and of 2-) (3-methylhcxa- 
noyl )-7-n. dodecanoylfluo- 
rcnc ( A ). 
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Figure 7 

Isobaric phase diagram of the 
mixtures of 4-chloro -( 4'-n. 
hexyloxybenzylidene )-aniline 
( B ) and of di-2-7-n. dodeca- 
noylfluorene (A). 


Figure 8 

Isobaric phase diagram of the 
mixtures of 2-n. nonanoyl-7- 
( 4-mcthyIpentyl ) -fluorenc(B) 
and of ethyl 4-< 4'-mcthylbcn- 
zylideneamino ) cinnamate 
(A). 


A 
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Figure 9 Isobaric phase diagram of the mixtures of 2-n. nonanoyl-7-( 3-melhyInonyl )- 
9, 10-dihydrophenanthrcne (B) and of 4-n. pentylphenol-4~ociyloxyben- 
zoate ( A ). 

6. Conclusion 

Numerous fluorene and 9, lO~dihydrophenanthrene derivatives have smectic 
and nematic phases. A and B smectic phases have been identified. 
Colourless mixtures which are chemically stable and which are smectic A 
at room temperature are now available. 


Acknowledgements 

This work is supported by the Centre national de la Recherche scicntifique 
and the D^l^gation g^n^rale a la Recherche scicntifique et technique. We 
also thank Mr B Soulcstin for his technical assistance. 


References 

1 Kahn F J Appl. Phys. Lett. 22 111 ( 1973) 

2 VAN DER Veen J, de Jeu W H, Wanninkhof M W M and Tienhoven CAM/. Phys. 

Chem. to be published 

3 Gray O W and Ibbotson A /. Chem. Soc. 3228 ( 1957 ) 

4 Kofler L and Kofler A Thermo-Mikro Methoden ( Vcrlag Chemie, Weinheim ) 

( 1954 1 

5 Billard j Butt. Soc. Fr. Mineral. Cristallogr. 95 206 ( 1972 ) 

6 Sackmann ^ and Demus D Mol. Cryst. Liquid Cryst. 21 239 ( 1973 ) 

7 IJjRiEDEL G Ann. Phys. (Paris) 18 312 ( 1922) 

8 Gray G W and Harrison K J Mol. Cryst. Liquid Cryst. 1.3 37 ( 1971 ) 

9 Haller I /. Chem. Phys. 57 1400 ( 1972) 



414 


/ CanceilU C Gros, J Billard and J Jacques 


10 Proust JE, Ter Minassian L and Guyon E Solid State Commun. 11 1227 ( 1972) 

11 Arnold H Dissertation, Halle (1959) 

12 Demus D and Sackmann H Z. Phys, Chem. 238 215 ( 1968) 

13 Dubois J C and Billard J J. Phys. (Paris) to appear 

14 Sackmann H and Demus D Z. Phys. Chem. 222 143 ( 1963) 

15 VAN DER Veen J and Grobben AH Mol. Cryst. Liquid Cryst. 15 239 ( 1971 ) 


DISCUSSION 

Gray : Chemical reactions on fluorene compounds are often more complex 
than those on biphenyls, presumably because of the occurrence of side 
reactions which make products harder to purify. This could reflect a 
chemical instability of the fluorene ring system. However, you state that 
your interesting new fluorene mesogens are chemically stable. Have you 
any comment on this observation, and have you checked whether your 
materials are photochemically stable ? 

Billard : We have just exposed a sample of dihydrophenanthrene derivative 
to air and daylight for a period of six months. No change of the clearing 
point was observed. 

Schnur : As you may know the 9-10-dihydrophenanthrenes have been used 
in dye lasers. Can you comment on the stability of your compounds in 
intense monochromatic blue near ultraviolet light. 

Billard : 1 have not done any experiments in this field. My answer is the 

same as for the preceding question. 
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Inflaence of molecular structure on mixed mesomorphism in 
some binary systems 

J S DAVE and K L VASANTH* 

Chemistry Department, M. S. University of Baroda, Baroda 390002, 
India 

Abstract. Some binary systems formed by non-liquid crystalline Schiff 
base components with p-n-butoxy benzoic acid and /)-acctoxybenzal- 
p-phenetidine as liquid crystalline components are studied with a view 
to finding the cifect of structure on mixed mesomorphism. In the case 
of systems with p-/i-butoxybenzoic acid, although qualitatively there 
appears to be no change in the mode of mixed liquid crystal forma- 
tion, no quantitative derivation has been possible as in the case of 
systems with />-acetoxybenzal-p-phenetidinc, a liquid crystalline Schiff 
base. 

Binary systems comprising liquid crystalline p-n-butoxybcnzoic acid 
and non-liquid crystalline substituted benzoic acids are also investi- 
gated. Group slope values could be deduced from the slope of tran- 
sition lines of these systems. The magnitudes of group slope values 
in this case are low but the order of efficiency of the end groups 
obtained agrees with the one obtained by Dave et a!. In the case of 
binary systems, />-acetoxybcnzal-p-phcnctidinc with /^-mcthoxybenzoic 
acid or /^-ethoxybenzoic acid the transition curves exhibit a tendency 
towards concavity. 


1. Introduction 

Mixed mesomorphism in binary mixtures in which one or both compo- 
nents are liquid crystal are known*-’. In general, binary systems 
exhibiting mixed mesomorphism can be of three types : ( 1 ) where both 
the components are mesomorphic, (2) where only one component is 
mesomorphic, and (3) where both the components are non-mcsomorphic. 
Here we describe mixed mesomorphism of the second type in which the 
mesomorphic component is a nematic liquid crystal. A nematic mesophase 
consists of long rod shaped molecules having relatively high translational 
freedom but only a restricted rotational freedom. A non-mesomorphic 
substance dissolved in such a nematic liquid will find itself in an aniso- 
tropic environment and may affect the mesomorphic characteristics of the 
nematic liquid crystal in an interesting manner. The extent of the disturb- 
ance caused will depend on the structural features of the added non- 
mesomorphiq component. 

* Present Address : Chemistry Department, P.S.O. College of Technology, 

Coimbatore 641004, India. 
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^_;,_Butoxybenzoic acid is a nematic liquid crystal. Binary systems 
with / 7 -n-butoxybenzoic acid as the mesomorphic component and Schiff 
bases and substituted benzoic acids as the non-mesomorphic component 
have been investigated. With a view to studying the effect of molecular 
structure on mixed liquid crystal formation, the binary mixtures of the 
same non-liquid crystalline compounds arc studied in which p-n-butoxy- 
bcnzoic acid is replaced by another nematic liquid crystalline component 
viz. p-acetoxybcnzal-p-phenetidine, a Schiff base compound. 

2. Materials and methods 

The Schiff base compounds were prepared by refluxing equimolar quantities 
of the corresponding aldehydes and anilines in alcohol till the condensa- 
tion was complete. The products were isolated and crystallized several 
times from suitable solvents like alcohol, benzene, etc. till the compounds 
gave sharp melting points. 

p-Ethoxybcnzoic acid and p-n-butoxybenzoic acid were prepared by 
boiling under reflux for nearly 2-3 hours 1 mole of p-hydroxybenzoic acid 
dissolved in 2 mole of alcoholic potassium hydroxide with 1»1 mole of the 
appropriate alkyl iodide. Under these conditions little or no esterification 
took place. The free acid liberated by the addition of cone, hydrochloric 
acid was crystallized from glacial acetic acid to obtain fine crystals. 
p-Ethoxybenzoic acid was obtained as white prism-like crystals, m.p. 
197 «Cio p-/i-buloxybenzoic acid was obtained as white shining prism- 
like crystals, m.p. 147*-160*C*^ 

2.1 Purification of Materials 

The non-mesomorphic substituted benzoic acids studied were of pure 
quality obtained from B, D. H. and were purified by repeated crystallization 
from suitable solvents till sharp melting points were obtained. 

2.2 Method of Investigation 

The binary systems were investigated by the optical method of Dave and 
Dewar^. Precise measurements were, however, made with the Leitz 
Ortholux Polarizing microscope equipped with a Leitz heating stage. 

Two series of binary systems were investigated. In the first series 
( A ) the liquid crystalline component is p-n-butoxybenzoic acid and in the 
second series (B) the liquid crystalline component is p-acetoxybenzal- 
p-phenctidine. The non-liquid crystalline components common for both 
the scries arc listed in table 1, along with the respective slopes of the 
transition lines. 

3. Results and discussion 

The solid-mesomorphic and mesomorphic-isotropic transition temperatures 
for the binary systems of the scries ( A ) read from the phase diagrams 
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Table 1 Slopes of the transition lines for binary systems of scries 
( A ) and ( B ) 


System Non-liquid 

No. crystalline component 

Slope of the transition 
line (®C/mole% x 10) 
Scries ( A ) Series ( B ) 

1. 

/>-Nitrobenzal-/?-phenetidine 

5*0 

1*5 

2. 

p-Anisal-p-anisidine 

11*0 

4.0 

3. 

/7-Chlorobenzal-/7-phenetidine 

9.0 

8-3 

4. 

/>-Dimcthylaminobenzal-/7-phcnetidine 

13‘0 

6.5 

5. 

/?-Anisal-/)-chloroaniline 

11.0 

9*0 

6. 

/7-Methoxybenzoic acid 

2.0 

concavity 

7. 

/7-Ethoxybenzoic acid 

— 

concavity 


are recorded in tables 2 and 3. The eutectic temperatures and the melting 
points of the pure components which are experimental values are given in 
table 2. Similar data for the series (B) except for system No. 6 and 7 
have been published elsewhere®. 

In the binary systems where the non-liquid crystalline solute molecules 
and the liquid crystalline solvent molecules are basically similar in shape, 
size and structure and also possess polar groups, mixed liquid crystal 
formation is greatly facilitated. Mixed liquid crystal formation takes 
place over a wider area and the slopes of the transition curves will be low 
as compared with the binary systems of dissimilar molecules^-®; the slope 
of the transition line is a measure of the tendency of the non-liquid 
crystalline substance towards mixed liquid crystal formation. 

• 

The molecules of /^-n-butoxybenzoic acid form dimers and as can be 
seen below, compared with the Schiff bases they possess a more linear 
strucfurc. The molecules of Schiff bases although they have essentially a 
linear structure, because of the central azomethine group, they will have 
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* Serial numbers refer to the compounds given in table 
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some difficulty in close packing and consequent alignment with the 
molecules of p-n-butoxybenzoic acid dimers ; as a result steep transition 
lines may be expected. 

This is so in the binary systems comprising /7-n-butoxybenzoic acid 
and non-mcsomorphic Schiff bases in spite of the polar groups present in 
the latter. It is evident from the results in table 1, that the slopes of the 
transition lines in these binary systems differ markedly from those obtained 
from the study of the mixtures of the Schiff bases individually with 
/)-acetoxybenzal-p-phenetidine, a liquid crystalline Schiff base, the two 
molecules being isomorphous. 

An attempt to derive group slope values in the same way as in the 
case of binary mixtures of non-mesomorphic Schiff bases with /)-acetoxy- 
bcnzal-p-phenetidine and /7-azoxyanisole separately was without any 
success. No quantitative derivation is possible and the order of group 
efficiency obtained in the cases of mixtures of non-liquid crystalline 
Schiff bases with liquid crystalline Schiff base, p-acctoxybenzal-p-pheneti- 
dine and with p-azoxyanisole^®, could not be obtained in this study as 
the solute molecules are not similar to the molecules of the liquid 
crystalline component, p-w-butoxybenzoic acid. It should, however, be 
said that qualitatively there appears to be no basic difference in the nature 
of mixed liquid crystal formation in both the series (A) and (B). 

With a view to having further evidence on mixed liquid crystal 
formation in mixtures of isomorphous substances, some binary systems 
comprising liquid crystalline p-n~butoxybenzoic acid and non-liquid 
crystalline substituted benzoic acids have been studied. The solid- 
mesomorphic and mesomorphic-isotropic liquid transition temperatures 
for these binary systems are recorded in tables 4 and 5 respectively. Both 
the components of the binary systems form dimers and possess identical 
linear structure. In such cases it should be expected that the effect of the 
end groups would be specific and additive giving rise to a fairly quantita- 
tive derivation. The group slope values derived from the slopes of the 
transition lines given in table 6 are arranged in the order of their efficiency 
towards mixed liquid crystal formation as under : 

End Groups : NO2 > > OCH3 > Cl - CHj > Br > I > OH 

Group slopes: — — 1»0 1-6 1*6 1*8 2*3 7«2 

The magnitudes of these group slope values arc low compared with 
those obtained by Dave et al. The magnitudes of group slope values for 
NOa and OC2H5 groups cannot be derived in the usual manner as the 
transition lines show an upward trend. However, the order of efficiency 
of the end groups towards mixed liquid crystal formation agrees with the 
one obtained by Dave et al^^. 

The difference in the magnitudes of the group slope values can be 
ascribed to the fact that in the case of benzoic acid mixtures, the two 



Influence of molecular structure on mixed mesomorphism 


423 



Mole "/.P -Acetoxy benzol - P -phenetidmc 



Mole •/• P-Aceloxybenzal -p-Phenetidin« 


Figure 1 

Mixed liquid crystal formation in 
the system ;>-acetoxybcnzal-/^- 
phenetidine : p~methoxybenzoic 
acid. 


Figure 2 

Mixed liquid crystal formation in 
the system p-acetoxybenzal-p- 
phenetidine : p-ethoxybenzoic 
acid. 


components are comparatively linear which will contribute to the greater 
degree of packing between the molecules compared with the mixtures of 
Schiff bases and also the mixtures of Schiff bases with p-azoxyanisole^-®. 
Since the molecules of Schiff base compounds and / 7 -azoxyanisole are not 
as linear as the benzoic acid molecules, it can be expected that the 
packing will not be as compact as in the case of benzoic acid 
molecules. 

The study of the binary systems /T-acctoxybcnzal-p-phcnetidine : 
p-methoxybenzoic acid and /7-acctoxybcnzaI-/7-phenetidine : /7-ethoxyben- 
zoic acid support the view that generally there will be a difficulty in 
packing of the molecules together if these are not similar. The transition 
curves of these systems ( figures 1 and 2 ) exhibit a tendency towards 
conc&vity which fairly resembles the rounded minimum obtained in the 
system of p-azoxyanizole ; p-methoxycinnamic acid of de Kock^ 
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It can be said that although the magnitudes of group slope values 
may differ the general order of efficiency of the end groups would remain 
the same, provided the components of the binary systems arc similar, and 
that the concavity in the transition curves indicates the dissimilarity of the 
structure of the solute and solvent molecules and hence their difficulty in 
packing together. 

Table 6 Slopes of the transition lines for the binary systems— p-n-Butoxy- 
benzoic acid mixed with various components : 


System No. 

Non-liquid ciystalline 
component 

Slopes of the 
transition line 
(°C/mole% X 10) 

1 

p-Nitrobenzoic acid 

— 

ia 

p-Ethoxybenzoic acid 

( System No. 7, Tables 2 and 3 ) 

— 

\b 

p-Methoxybenzoic acid 

( System No. 6, Tables 2 and 3 ) 

2.0 

2 

p-Chlorobenzoic acid 

3-3 

3 

p~Toluic acid 

3-2 

4 

p-Bromobenzoic acid 

3*6 

5 

p-Iodobenzoic acid 

4-6 

6 

p-Hydroxybenzoic acid 

14*5 
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DISCUSSION 

Demus : In binary systems in nearly ideal cases the clearing points are 
connected by a straight line. Therefore the efficiency of order concerning 
the slope of this curve should be the same as it determines the clearing 
point of the second compound (also if this clearing point is monotropic). 
Have you compared this efficiency of order of the groups w»th the values 
given in Gray’s book ? 

Vasanth : Yes, the order of the groups is broadly similar. 

Sarma : What are the mixing ratios of the two components? 

Vasanth: The mixing ratio of the two components varied from 

0 to 100%. 
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Mesomorphic behaviour of cholesteryl esters 

V. Cholesteryl 6-n-alkoxy-2-naphthoates 

J S DAVE and GEORGE KURIAN 

Chemistry Department, M. S. University of Baroda, Baroda 390002, 
India. 

Abstract. A homologous series of thirteen esters of cholesterol was 
synthesised by reacting 6-w~alkoxy-2-naphthoyl chlorides with choles- 
terol. All the esters arc enantiotropic cholesteric with large phase 
length. The smectic phase commences at the pentyloxy derivative. 
The higher members exhibit both smectic and cholesteric mesophascs. 
The cholesteric - isotropic transition points lie on two falling curves, 
one for odd and the other for even numbers of carbon atoms in the 
alkoxy chain. The smectic-cholesteric transition points lie on a smooth 
curve which rises to a maximum and then falls off. The thermal 
stabilities of the present series arc compared with those of other 
related homologous series. 


1. Introduction 

The unique structure of the cholesteric liquid crystals gives rise to a 
number of optical properties not exhibited by the nematic and smectic 
liquid crystals; it is because of such properties that these compounds 
find very many applications. Not much work has been done till recently 
on the synthesis of aryl esters of cholesterol. Dave et aL studied the 
Irquid crystalline behaviour of homologous series of p-n-alkoxybenzoates* 
/rof/fj-p-zi-alkoxycinnamatcs^, p-n-alkoxybcnzylidene-p'-aminobenzoates’ and 
4-n--alkoxy-l-naphthoates of cholestcroH. They have also reported the 
mesomorphic behaviour of a number of 4-«-alkoxy-l-naphthylidenc Schiff 
base compounds^^. Wiegand studied the influence of the position of substi- 
tuents in dianisal-diamino naphthalenes on mesomorphism*. In another 
study Gray and Jones observed that 6-«-alkoxy-2-naphthoic acids are meso- 
morphic whereas the 7-7i-alkoxy-2-naphthoic acids and 4- and 5-n-alkoxy- 
1-naphthoic acids are non-mesomorphic^. These studies show that there 
exists a relationship between the position of the substituent in a naphtha- 
lene moiety and the tendency of the molecules to exhibit mesomorphism. 
Here we present the mesomorphic behaviour of 6-/i--alkoxy~2-'naphthoates 
of cholesterol. 

2. Resolts and discussion 

A, homologous series of thirteen esters of cholesterol was synthesized by 
reacting 6--«--alkoxy-2-naphthoyl chlorides with cholesterol. The melting 
points and transition temperatures are compiled in table 1. 
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Table 1 ChoIesteryI-6-/i~alkoxy-2-naphthoates 


RO • Cio He • COO • C27 H45 


Transition temperature ( ®C ) 
C-Ch 


or 


Compound 

R 

c-s 

S-Ch 

Ch-I 

1 

CHj 

— 

183-0 

302-5 

2 

C2H5 

- 

198-0 

310-0 

3 

CjH, 

— 

184-0 

287-5 

4 

C4H, 

— 

193-0 

290-5 

5 

CsH,, 

174-0 

179-5 

278-0 

6 

C6H„ 

158-0 

196-0 

278-0 

7 

C 7 H ,5 

149-5 

211-5 

266-5 

8 

C.H.t 

151-0 

224-5 

268-0 

9 

C,H„ 

153-0 

226-0 

264-5 

10 

C.oHj, 

140-5 

230-5 

258-0 

11 

C, 2 Hj 5 

142-0 

230-0 

248-0 

12 

C,«H„ 

117-0 

216-5 

229-0 

13 

C„H 37 

110-0 

208-0 

221-0 

All these esters are enantiotropic 
commences at the pentyloxy derivative. 

cholesteric. 
Even the 

The smectic phase 
last member of the 


scries shows both smectic and cholesteric mesophases. All the compounds 
give plane cholesteric texture. At the juncture of the smectic-cholesteric 
transition a colour change is observed both while heating and cooling. 
In the last two members the focal conic smectic texture turns to a 
homcotropic texture on heating. When the cholesteric-isotropic transition 
points arc plotted against the number of carbon atoms in the alkoxy 
chain they show the odd-even effect, as exhibited by other mesomorphic 
homologous scries. The smectic-cholesteric transition points lie on a 
smooth curve which rises to a maximum at decyloxy derivative and then 
falls off ( figure 1 ). 

In the corresponding 4-n-alkoxy-l-naphthoatcs of cholesteroH the 
methoxy and octyloxy to octadccyloxy derivatives are enantiotropic 
cholesteric, the rest being monotropic cholesteric ; the smectic phase 
appears at the dodecyloxy derivative as a monotropic phase and persists as 
such upto the octadccyloxy derivative, the last member investigated. These 
two series arc structurally similar, the only difference being the substitutibn 
in the naphthalene nucleus. 




Mesomorphic behaviour of cholesteryl 6-n-aIkoxy-2-naphthoates 429 



2 6 10 14 16 


CARBON ATOMS IN THE ALKOXY CHAIN 

Figure 1 Transition temperature as a function of the number of carbon atoms in 
the alky] chain. 

The thermal stabilities of the present series ( A ) are compared with 
those of the following series : 

( 1 ) 4-/i-alkoxy-l-naphthoates of cholesterol^ — ( B ) 

(2) /ra/fj-p-rt-alkoxycinnamates of cholesterol^ — (C) 

(3) /^5^-alkoxybenzoates of cholesterol* — (D) 

Xlie average thermal stabilities and the comparative geometry of these 

series are given in table 2. 
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Table 2 Average transition temperature ( ) 


A B C D 


Cholesteric-Isotropic 

(C1-C18) 

Smectic-Cholesteric 

(Cl2.16,18 ) 

Commencement of 
the smectic phase 


269-0 159-8 

218-2 98*5 

C 5 Ci 2 


251-8 224-0 


176-6 170-3 


Cio C? 


The mesophases of series (A) are thermally more stable than those of 
series (D). Compared to series (D) the former is more polarized and a 
little longer; even though the breadth of the moleclues of series (A) may 
be increased a little, this will be compensated by the increase in length. 
Thus the thermal stabilities of both the mesophases arc increased almost 
to the same extent. 

The mesophases of series (C) arc thermally less stable than those of 
series (A), the decrease in thermal stability being more pronounced 
in the smectic phase than in the cholesteric phase. The cholesteric 
thermal stability of series (A) is higher by 17° C compared to the 
smectic one which is higher by 41° C. Gray has reported that 
6-«-alkoxy-2-naphthoic acids and fr^ 7 /z 5 -p-«-alkoxycinnamic acids arc 
similar in shape and size^. The molecules of 6-n-alkoxy-2-naphthoatcs of 
cholesterol should therefore be similar in shape and size to those of 
/rans-p-Ti-alkoxycinnamates of cholesterol, and therefore the effect should be 
similar on the two mesophases. But scries (A) contains one more aromatic 
ring compared to the ethylenic bond in series (C), trans-p-n~^\ko\y- 
cinnamates of cholesterol. This makes the molecule of series (A) more 
polarizable and consequently more mesomorphic. However the effect is, 
as noted above, more pronounced on the smectic thermal stability com- 
pared to the cholesteric one. The reason may be that the ethylenic bond 
in fm/i 5 -/^-/i“^lkoxycinnamates of cholesterol makes the close packing of 
the molecules more difficult and thus the lateral attractions will be 
reduced more, which in turn will reduce the thermal stability of the 
smectic |:thase. 

Structurally scries (A) and (B) are similar but in thermal stabilities 
they diflfer the most. The two series differ in the position of the substi- 
tuents in the naphthalene nucleus, the carboxy and alkoxy groups being 
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at 2- and 6-positions in series (A) whereas they are at 1- and 4-positions 
in series (B). The 2, 6 substitution in the naphthalene nucleus makes 
the molecule linear whereas 1, 4 substitution makes the molecule a little 
broad. The changes in the chemical constitution of a mesomorphic 
compound can radically alter the mesomorphic properties of the compound. 
The increase in the intermolecular separation due to the size of a sub- 
stituent will decrease the mesomorphic thermal stabilities, the smectic 
mesophase often being affected more. But here, in the case of series (B), 
the thermal stabilities of both the phases are almost equally affected. 
This is because molecules of scries (A) are a little longer and the substi- 
tution at the 2, 6 positions in the naphthalene nucleus brings about 
the separation of the dipolar parts of the molecule, which makes the 
molecules of scries (A) more polarizable. This will almost compensate 
the little breadth increasing effect in the molecules of series (B) and 
both cholesteric and smectic thermal stabilities of series (A) are increased 
almost equally. 

The smectic mesophase commences rather early, i.e., at the pentyl 
ether in series (A). This is much earlier than in all other known 
cholesteryl ester series. It is rather difficult to predict the exact commence- 
ment of the smectic mesophase in a mesomorphic homologous series, 
but the survey of different homologous series reveals that the increase in 
the breadth delays the commencement of the smectic phase. The earlier 
commencement of the smectic phase in the present series than in series 
(B), (C) and ( D ) is to be expected. Series (B) is broader than scries 
(A) and so the commencement of smectic phase should naturally be 
delayed and it is at the twelfth member. Series (C) is almost equal in 
length and breadth to series (A) but the polarizability of series (C) is 
much less than that of series (A). This delays the commencement of the 
smectic phase in series (C) which is at the tenth member. Series (D) 
is short in length and less polarizable than series (A), which would 
decrease thermal stabilities and also delay the commencement of the 
smectic phase. But series (A) is a little broader than series (D) and so 
the commencement of smectic phase in series (D) is not delayed to a 
great extent ; it commences at the seventh member. 


3, Experimental 

3.1 Transition temperatures 

Preliminary measurements were made by the optical method of Dave and 
Dewar*®. The precise measurements were however made by Leitz Ortholux 
Polarizing Microscope equipped with a Leitz heating stage. The tempe- 
rature of the sample was raised gradually and within the critical region 
of the transition temperature to be noted the heating was regulated at 
2®C per minute. 
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3.2 Preparation of compounds 

6-Acetyl-2-methoxy naphthalene was prepared by the method of Robinson 
and Rydon»». 

Different 6-7i-alkoxy-2-naphthoic acids were prepared according to the 
method of Gray and Jones>2^ from 6-acetyl-2-methoxy naphthalene. The 
melting points and transition temperatures agree with the reported ones. 

6-/i-Alkoxy-2-naphthoyl chlorides were prepared by treating the 
corresponding alkoxy naphthoic acids with excess of thionyl chloride and 
a drop of pyridine and heating on a water bath till the evolution of the 
hydrogen chloride gas ceases. Excess thionyl chloride was distilled off 
under reduced pressure using a water pump. 

6— 7i-Alkoxy-2-naphthoates of cholesterol : Equimolecular proportions 
of cholesterol (0*005 mol) and the acid chloride were dissolved in 
dimethylaniline ( 10 ml) and heated at 150** C in a round bottom flask in 
an oil bath for about two hours. The mass was then added to crushed 
ice. The precipitate was then washed with dilute H2SO4 followed by 
water. The crude product was dried and crystallized from chloroform- 
alcohol mixture (1:1) to fine white needles. The transition tempera- 
tures are given in table 1 and the analytical data recorded in table 3. 


Table 3 Cholesteryl-6-/2-alkoxy-2-naphthoates 


Compound 

Molecular 

% Required 

% Found 


Formula 

C 

H 

C 

H 

•^1 

C39H54O3 

82*06 

9*54 

82-35 

9*37 

2 

C40H56O3 

82*14 

9*65 

82-04 

9*26 

3 

C 4 iH 3$03 

82*24 

9*76 

82*08 

9*40 

4 

C42H60O3 

82*28 

9*86 

82*21 

9*39 

5 

C43H62O3 

82-35 

9*96 

82-31 

9*88 

6 

C44H64O3 

82*43 

10-07 

82*13 

9*92 

7 

C43H66O3 

82*51 

10*16 

82*22 

10*00 

8 

C46H68O3 

82*58 

10*25 

82*54 

10*21 

9 

C47H70O3 

82*62 

10*33 

82*49 

9*86 

10 

C48H72O3 

82-70 

10*41 

82-71 

10*13 

11 

C50H76O3 

82-80 

10*57 

82*79 

10*32 

12 

C 34 Ht 403 

82-96 

10*84 

82^94 

10*36 

15 

C56H88O3 

83*12 

10*96 

83*20 

10-57 
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Mesomorphic behaviour of schiff base compounds - IV : 
N^'-Di(4-n-aIkoxy-l-naphthylidine )p-azoaniiines and 
N( 4-n-alkoxy-l-naphthylidene )4'-aminoazobenzenes 

J S DAVE, and A P PRAJAPATI 

Chemistry Department. M.S. University, Baroda 390002, India. 

Abstract. Two mesomorphic homologous series containing a naphthalene 
nucleus and an azo group have been prepared by condensing different 
4-/i-alkoxy-l-naphthaldchydcs with p azoaniline and 4-ammoazobenzene 
and their mesomorphic behaviour studied. 

In senes 1, N,N'-di( 4-n-alkoxy-l-naphthylidene )/>-azoanilme8, all the 
members exhibit enanti otropic nematic mesomorphism. The smectic phase 
commences from the dodccyl derivative as a monotropic phase ; tetra-, 
hexa- and octadecyl derivatives are enantiotropic smectic and nematic. 
In scries 11, N( 4-n-alkoxy-l-naphthylidcnc )4'-aminoazobcn7encs, the 
first three members are non-mesomorphic. Butyl to heptyl, hcxadccyl 
and octadecyl derivatives arc monotropic nematic ; the others arc 
enantiotropic nematic. Tetradccyl to octadecyl derivatives exhibit a 
smectic phase which is monotropic in nature. 

The plots of transition temperatures against the number of carbon 
atoms in the alkyl chain in series I behave in a normal manner whereas 
those in series II show an ascending tendency. The thermal stabilities 
and the commencements of the smectic phases of the two scries arc 
compared with those of other related scries. 


1. Introduction 

Mesomorphic properties of some homologous series of Schiff bases con- 
taining a naphthalene nucleus are known. Wiegand prepared and studied 
liquid crystalline properties of 1:4, 2:6 and 1:5 anisilidene amino- 
naphthalenes*. Dave et al. reported the mesomorphic behaviour of homo- 
logous scries obtained by condensing 4-n-alkoxy-l-napthaldehydes with 
benzidine^, p~phcnylenediamine^ and p-aminobeznoic acid^. Arora and 
Fergason studied a benyzlidene Schiflf base scries containing an azo groups. 
It was thoyght that the introduction of an azo group in naphthyl idenc 
Schiff base scries would be interesting and therefore the series 
N, N'-di ( 4-*ii-alkoxy-l~naphthylidenc)p-azoaniIines and N(4-//-alkoxy- 
1-naphthylidene )-4'-aminoazobenzcnes were synthesised and their mesomo- 
rphic behaviour studied. 
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2. Results and discussion 

Series I 

A homologous series of fourteen Schiff bases was prepared by condensing 
4-n-alkoxy-l-naphthaIdchydes with /7-azoaniline. The melting points and 
transition temperatures are compiled in table 1. 


Table 1 N, N -di( 4-/i-Alkoxy-l-naphthylidenc )p-azoanilines RO • CioHe • 



CH : N • C6H4 • N : 

: N • C6H4 • 

N:CH.CioH 6-OR 


Compound R 

Temperatures of transition { *C ) 

C-S C-N or S-N N-I 

1 

CH3 

— 

278-5 

310-0 

2 

CjHj 

— 

291-0 

320-0 

3 

CjH, 

— 

241.0 

311-5 

4 

C4H, 

— 

243-0 

315-5 

5 

CjHu 

— 

228-5 

301-0 

6 

C«H,j 

— 

227-5 

297-0 

7 

C7H15 

— 

217-5 

277-0 

8 

CgHi? 

— 

207-5 

269-5 

9 

C,H„ 

— 

190-5 

255-0 

10 

C10H21 

— 

183-5 

246-0 

11 

C,2H2 j 

( 164-5) 

172-0 

227-5 

12 

CuH29 

162-5 

175-0 

213-0 

13 

C|«Hj 3 

154-0 

178-5 

201-5' 

14 

ChH37 

144-5 

178-0 

191-5 


Value in parenthesis indicates monotropy. 


All the members in this scries exhibit enantiotropic nematic meso- 
morphism. The smectic phase commences at the dodecyl derivative as a 
monotropic phase, Tetra-, hexa- and octadecyl derivatives are enantio- 
tropic smectic and nematic. When the transition points arc plotted against 
the number of carbon atoms in the alkyl chain (figure 1), the nematic- 
isotropic transition points lie on two falling curves which exhibit the 
odd-even effect, the even members occupying the upper curve as usual. 
The smectic-nematic curve rises smoothly to a maximum through the 
hexadecyl derivative and then levels off. It does not merge with the 
nematic-isotropic curve. In the corresponding benzidine series the last two 
members, the hexadecyl and octadecyl derivatives, arc purely smectic. The 
two series differ in the central group. The benzidine scries has a 
biphenyl central group whereas the present series contains an azobenzene 



Mesomorphic behaviour of schiff base compounds 


437 



Figure 1 Transition temperatures as a function of numbers of carbon atoms in the 
alkyl chain. 
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central group. The absence of a pure smectic phase in the last members 
of the present azoaniline series can be due to the presence of the azo group 
which probably makes the present series less linear than the corresponding 
benzidine series. 

Table 2 summarizes the average thermal stabilities and the com- 
mencement of the smectic phase of the following series : N, N'-di ( 4-n- 
alkoxy-l-naphthylidene ) p-azoanilincs (A), N, N'-di ( 4-n-alkoxy-l- 
naphthylidcnc ) benzidines ( B and 4-n-alkoxy-l-naphthylidene-/>--amino- 
benzoic acids ( C )^. 

Table 2 Average thermal stabilities ( oC ) 



A 

B 

C 

Nematic — Isotropic 

280-0 

269-0 

26-0 

C 4 — Cio 

Smectic-Nematic or Isotropic 

178-0 

194-5 

175-0 

p 

Ok 

1 

0 

Commencement of smectic phase 

C,2 

c» 

C,2 


Series ( A ) and ( B ) provide an interesting comparison. As 
discussed above the molecules of the two series differ in only one respect; 
the series ( A ) contains an additional azo group in the centre of the 
molecule. This group will make the molecule of series ( A ) more 
polarizable but at the same time less linear than that of series ( B ). It 
is, therefore, not surprising that the nematic thermal stability of series 
(A) is increased by 11® C due to the higher polarizability and increased 
length of the molecule. The reduction in the smectic thermal stability of 
series ( A ) by about 16‘5*C can be attributed to the increased breadth of 
the molecule due to the presence of the azo group. 

Compared to scries (C) (dimer) both the thermal stabilities of the 
present series arc higher. The nematic thermal stability is increased by 
64*0* C whereas the smectic thermal stability is increased by only 3«0* C. 
It can be seen from the geometry of the molecules that the two series are 
almost of the same length but the series ( C ) contains a central dimerised 
carboxyl group whereas series (A) has a central -N-N-group. The azo 
(-N-N-) group makes a fully conjugated system, whereas the* hydrogen 
bond in the acid dimer in series (C) will not transmit the effect of 
conjugation in the two dimer units and thus the series ( A ) Will be more 
polarizable than series (C). Thus both the thermal stabilities in' the 
series (A) should be increased, but the increase in smectic thermal 
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stability is much less compared to the increase in nematic thermal 
stability. This may be attributed to the presence of -N = N-group in 
scries (A) which makes its molecules thick and broad due to reduced 
linearity and the breadth has a more pronounced effect on the smectic 
phase. 

The smectic mesophase in the present series commences at the dodecyl 
derivative only. In series ( B ) it makes its appearance at nonyl derivative. 
This delay in the appearance of the smectic phase is expected as the 
series ( A ) is less linear and thick compared to series ( B ). The increased 
breadth not only reduces the smectic thermal stability but also delays the 
commencement of the smectic phase. The smectic phase appears at the 
twelfth member for both the series ( A ) and ( C ). The smectic thermal 
stabilities of the two series are almost the same and it should not be 
surprising that the commencement of the smectic phase in two series 
should coincide. 

Series II 

Series II consists of a homologous scries of Schiff base compounds 
obtained by condensing 4-n--alkoxy-l-naphthaldehydcs with 4-amino- 
azobenzene. The melting points and transition temperatures of these 
compounds are compiled in table 3. 

Table 3 N( 4-n-alkoxy-l-napthylidene )4'-aminoazobenzcnes 


RO • CioHfi • CH : N • C 6 H 4 • N : N • C 6 H 5 


Compound R 

Temperatures of transition( ° 
C-S C-N or S-N 

C) 

N-1 

15 ^ 

CHj 

— 

• (47-5) 

132-5 

16 

C2H5 


* (97.0) 

145-5 

17 

C,H7 

— 

♦ (78-0) 

123-0 

18 

C4H, 

— 

{ 103-0) 

125-5 

19 

CsHii 

— 

(91.5) 

107.5 

20 

C«H„ 

— 

( 105 . 0 ) 

117-0 

21 

C7H15 

— 

(99-0) 

104-0 

22 

C,H„ 

— 

97.5 

103-5 

23 

C9H19 

— 

86-0 

100-0 

24 

C 10 H 2 I 

— 

89-5 

102-0 

25 

C,2H23 

— 

91.5 

100-5 

26 

CuH29 

( 53 . 5 ) 

94.5 

98-0 

27 

C16H33 

(67.5) 

(95.5) 

97-0 

28 

‘ C11H37 

( 73 . 5 ) 

( 92.0 ) 

95-0 


Values in parenthesis indicate monotropy. 
•Values obtained by extrapolation of the curves. 
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In this scries the first three members are non-mesomorphic. Butyl to 
hcptyl derivatives are monotropic nematic ; Octyl to tetradecyl derivatives 
arc cnantiotropic nematic and the last two members investigated, hexadccyl 
and octadccyl derivatives arc monotropic nematic. The tetradecyl to 
octadccyl derivatives exhibit a monotropic smectic phase. 

The plots of nematic-isotropic transitions against the number of 
carbon atoms in the alkyl chain show a marked odd-even effect ( figure 2). 
It is interesting to note that this curve shows an ascending tendency in 
the beginning as the alkyl chain is increased and then it falls off slightly 
towards the end of the series. The nematic-isotropic curves are extra- 
polated and the obscure transition temperature values are obtained for 
methyl to propyl derivatives These values lie well below the crystalliza- 
tion points of these compounds and that is probably the reason why these 
members arc non-mesomorphic. 



FIgm 2 Transition temperatures as a function of number of carbon atoms in the 
alkyl chain. 




Mesomorphic behaviour of schiff base compounds 


441 


The ascending tendency of the nematic-isotropic transition curve of 
this series may be attributed to two reasons : 

1. These molecules are short and broad. The reduction in the length to 
breadth ratio makes the close packing of the molecules comparatively 
difficult and as the alkyl chain is lengthened the increased polarizability 
makes the mesophase thermally more stable thus giving rise to an ascend- 
ing tendency of the mesomorphic-isotropic curve. After it reaches a 
maximum value further increase in the alkyl chain reduces the end to end 
cohesions and the curve levels up or shows a falling tendency^. 

2. As the alkyl group is attached to one end of the molecule only, it 
is imbalanced^. Thus the thermal stability of the mesophase is low. 

This type of nematic-isotropic curve is also observed in the series 
4-n-alkoxy-l-napthylidenc-/7-phenitidines*. Here also the molecules are 
short and broad and at the same time imbalanced due to the difference in 
the end chains. 

It should be mentioned here that Weygand has reported such a 
behaviour in the series N( p-/-alkoxybenzylidene )-r-aminonaphthalene-4 - 
azobenzencs^. 

Table 4 summarizes the average thermal stabilities of the following 
series: 4-n-alkoxy-l-naphthylidene-/7-arainoazobenzenes (D), p-zi-alkoxy- 
benzylidene-/ 7 -aminoazobenzenes (E) and 4-/I-alkoxy-l-naphthylidene-/^- 
azoanilines ( A ). 
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Table 4 Average thermal stabilities 


D E A 


Nematic — Isotropic 100»5 170»0 280*0 

C4 - ClO 

Smectic-Nematic or Isotropic 70*5 151*0 178*0 

Ci6 — Cl8 

Commencement of smectic phase Cm C 4 C 12 


Both the nematic and smectic thermal stabilities of series (D) are less 
than those of scries ( E ). This is expected as the two series have the same 
structure except for the naphthalene nucleus in the molecules of series (D) 
in place of benzylidene part of the molecules in series (E). The naph- 
thalene nucleus increases the breadth of the molecule, thus reducing both 
the thermal stabilities. 

Compared to series ( A ), the series ( D ) is short and less polarizable 
and naturally the thermal stabilities of scries ( D ) will be less than those 
of series (A). Actually the nematic thermal stability is affected more 
than the smectic one. The second naphthalene nucleus in series (A) 
increases the breadth of the molecules and thus the average smectic 
thermal stability of scries (A) is not increased to the same extent as 
the nematic thermal stability, the breadth having a more pronounced effect 
on the smectic phase. 

The smectic phase appears very late in the series (D) at the tetradecyl 
derivative compared to the butyl derivative in the case of scries (£). 
The napthalcne nucleus makes the close packing of the molecules more 
difficult and reduces the lateral attractions to a considerable extent, thus 
delaying the commencement of the smectic phase. In series (A) the 
smectic phase commences at the twelfth member. Series ( A ) is much 
longer and more polarizable than series (D), but the molecules of series 
(A) because of the two naphthalene units, will be a little broader than 
those of series ( D ) and therefore, the commencement of the smectic 
phase in series i A ) is a little delayed upto the dodecyl derivative. 


3. Experimental 

Determination of transition temperatures 

preliminary measurements were made by the optical method of Dave .and 
Dewar*®. The precise measurements were, however, made by the Lcitz 
Ortholux Polarizing microscope equipped with a heating stage. The 
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temperature in the neighbourhood of the transitions to be noted, was 
raised at the rate of two degrees per minute and the temperatures for 
various transitions were recorded by standard thermometers. 

Preparation of compounds 

4-n-alkoxy-l-naphthaldehydes were prepared as reported earlier^. 
p-QZoaniline 

(a) p-azonitrobenzene from p-nitroaniline^^ . 5 g of />-nitroanilinc were 

dissolved in 12*5 ml of concentrated sulphuric acid and diluted to 55 ml 
with water and 20 g of potassium persulphate were added to it in small 
portions at 60-70® C. After one hour the brown precipitates were obtained 
which were collected by filtration. They contained some p-dinitrobenzenc. 
This was removed by steam distillation. The residue was recrystallized 
from glacial acetic acid and then from toluene to orange needles, m.p. 
216® C; yield 50%. 

(b) p-azoaniline from p-azonitrobenzene^^: A mixture of 10 g of p- 
azonitrobenzene, 100 g of crystalline sodium sulphide, 100 ml of water 
and 300 ml of alcohol was refluxed for half an hour. The precipitated 
mass was filtered hot. It was recrystallized from ethyl alcohol to orange 
needles, m.p. 246® C ; yield 40%. 

Schiff bases 

N,N'-di( 4-n-alkoxy-l-naphthylidene )p~azoaniline Schiff base compounds 
were prepared by refluxing 4-/i-alkoxy-l-napthaldchydes (2*0 mol) with 
p-azoaniline (1«0 mol) in ethyl alcohol for about one hour and recrystal- 
lizing the product several times from nitrobenzene or chloroform into fine 
needles or plates, which gave sharp melting points and transition 
temperatures. The analytical data are summarized in table 5. Yield was 
about 70%. 

Table 5 N,N'-di( 4-Aj-alkoxy-l-naphylidene )p-azoani lines 


Compound 

Molecular formula 

% Required 

N 

% Found 

N 

1 


C 36 H 28 O 2 N 4 

10*22 

10-00 

2 


C 3 .H 32 O 2 N 4 

9-72 

9-69 

3 


C 40 H 36 O 2 N 4 

9-27 

9-26 

4 


C 42 H 40 O 2 N 4 

8-86 

8-90 

5 


C 44 H 44 O 2 N 4 

8-49 

8-22 

6 

• 


• C4«H4i02N4 

8-14 

8-03 

7 


C4»H,202N4 

7-82 

7-56 
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Compound 

Molecular formula 

% Required 

N 

% Found 

N 

8 

C 50 H 56 O 2 N 4 

7-53 

7*20 

9 

C 52 H 60 O 2 N 4 

7-25 

7-00 

10 

C 54 H 64 O 2 N 4 

7-00 

6-82 

11 

C 58 H 72 O 2 N 4 

6-54 

6-45 

12 

C 62 H 80 O 2 N 4 

6‘14 

6-12 

13 

C 66 H 88 O 2 N 4 

5-79 

5-56 

14 

C 70 H 96 O 2 N 4 

5-47 

5-23 


N( 4-rt-alkoxy-l-naphthylidene )4,-aminoazobenzencs were prepared by 
refluxing equimolecular amounts of 4~w~alkoxy-l-naphthaldehydes and 4- 
aminoazobenzenc in ethyl alcohol for about one hour. The product was 
crystallized from acetone into fine needles or plates which gave sharp 
melting points and transition temperatures. The analytical data are 
summarized in table 6 . Yield was about 75%. 


Table 6 N(4-n-alkoxy-l-naphthylidene)4 -ami noazobenzenes 


15 

C 24 Hi 90 N 3 

11-50 

11-59 

16 

C25H21ON1 

11-09 

10-69 

17 

C26H23ON3 

10-69 

10-76 

18 

C27H25ON3 

10-31 

10-47 

19 

C28H27ON3 

9-97 

9-93 

20 

C 29 H 290 N> 

9-65 

9-32 

21 

C30H31ONJ 

9-35 

9-04 

22 

C31H33ON3 

9-07 

9-14 

23 

C32H3SONS 

8-80 

9-10 

24 

C33H37ON3 

8-55 

8-49 

25 

C 33 H 4 |ONs 

8-09 

7-95 

26 

C37H43ON3 

7*68 

7.99 

27 

C39H49ONS 

7.30 

7-27 

28 

C41H53ON3 

6-97 

6-61 
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DISCUSSION 

Demos : Have you established the type of smectic mcsophases. 

Prajapati : No 

Gray : In your compounds, it is of course very reasonable to assume that 
the pairs of 1, 4-disubstitutcd naphthalene nuclei adopt a trans-arrange- 
ment, My question is whether you have any physical evidence to back up 
this assumption ? 

Prajapati : No. No physical measurements have been made. It is only 
on the basis of our experimental results. 
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Mesomorphic behaviour of substituted phenylbenzoates - I : 
p ( p'-n-alkoxybenzoyloxy ) toluenes 

J S DAVE and R A VORA 

Chemistry Department, M.S. University of Baroda, 

Baroda 390002. India. 

Abstract. A homologous series of mesomorphic esters was prepared by 
reacting p-crcsol with p-«-alkoxybenzoyl chlorides. The first five 
members are non-mesomorphic. Hexyl, heptyl, octyl, dodecyl and 
tetradecyl derivatives are monotropic nematic whereas nonyl and 
decyl derivatives arc enantiotropic nematic. The smectic mesophasc 
appears at the nonyl derivative as a monotropic phase and remains 
monotropic throughout in succeeding homologucs. Hexadecyl and 
octadecyl derivatives are non-mesomorphic. The plot of the transi- 
tion temperatures versus the number of carbon atoms in the alkyl 
chain shows the usual odd-even effect and exhibits a tendency for 
rising nematic-isotropic transitions in ascending series. The nematic- 
isotropic transition curve rises to a maximum at the dodccyl deriva- 
tive and then levels off. The smectic-nematic transition curve rises 
smoothly and does not merge with the nematic-isotropic curve. The 
thermal stabilities of the present series arc compared with those of 
the other related homologous series, the present series being loss 
mesomorphic than the other related homologous series. 


1. ^Introduction 

Recently low melting nematic liquid crystalline compounds are finding 
wide and varied applications. Much of recent synthesis research has 
therefore been directed towards preparing low temperature nematic liquid 
crystals. Rosenberg and Champa*, pateP, Fishel and pateP and Dietrich 
and Steiger^ have reported low melting mesomorphic compounds. Majority 
of these are Schiff base compounds. Steinstrasser^ has reported some 
phenyl mono- and bis- benzoates exhibiting low temperature mesomorph ism. 
With a view to exploring the possibility of getting simple and stable low 
temperature compounds the present series has been prepared and its 
mesomorphic properties studied. 


2. Reiulls and discnsiion 

The melting »points and transition temperatures of the compounds synthe- 
sized by reacting p-cresol with different p-n-alkoxybenzoyl chlorides are 
reported in table 1. 
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Table 1 / 7 (p'-«-alkoxybcnzoyloxy )toluencs 

RO • C6H4 • COO • C6H4 • CH, 


Compound R 

Transition temperatures { ®C ) 

Smectic Nematic IsotrOpic 

1 

CHs 

— 

[23. 0]* 

67*0 

2 

C 2 H 5 

— 

[35.0]* 

105*0 

3 

C 1 H 7 

— 

[34.0]* 

99*0 

4 

C4H, 

~ 

[44.0]* 

79*0 

5 

C,Hn 

— 

[43.5]* 

70*0 

6 

C«H„ 

— 

(51.5) 

64.0 

7 

CtHm 

— 

(51.5) 

57.5 

8 

C|H ,7 

— 

(57.5) 

59*5 

9 

C»H„ 

(44.0) 

52.0 

58*0 

10 

CioHji 

(51.0) 

56.0 

60*5 

11 

CuHj, 

(57.0) 

(61.5) 

64*0 

12 

C, 4 H 2 , 

(59-0) 

(61.0) 

70*0 

13 

Ci«H33 

156.5]* 

[59.0]* 

72*0 

14 

C11H37 

[53.5]* 

[56.0]* 

76*5 


Vtlues in the parenthesis indicate monotropy. 
•Values obtained by extrapolation. 


The first five members of the series are non-mesomorphic. Mesomorphism 
appears at the hexyl derivative. Hexyl, hcptyl, octyl, dodecyl and tetra- 
decyl derivatives are monotropic nematic whereas nonyl and decyl 
derivatives are enantiotropic nematic. The smectic mesophase appears at 
the nonyl derivative as a monotropic phase and remains monotropic 
throughout in succeeding homologucs. Hexadecyl and octadccyl deriva- 
tives arc non-mesomorphic. The plot of transition temperatures versus the 
number of carbon atoms in the alkyl chain ( figure 1 ) shows the odd-even 
effect for the nematic-isotropic transition. 

The trend of the nematic-isotropic transition temperature curve 
shows a rising tendency as the series is ascended. It rises to the maxiraum 
at the dodecyl derivative and then levels off. Generally in a normal 
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Figure 1 Transition temperatures as functions of the number of carbon atoms in the 
alkyl chain. 

homologous scries the nematic-isotropic transition temperature curve falls 
smoothly with increase in the alkyl chain length. An ascending nematic- 
isotropic transition temperature tendency is observed in some homologous 
series^.^.^’. Gray^ has explained this type of behaviour observed in the 
substituted biphenyl Schiff bases by attributing this phenomenon to a 
decrease in the ratio of lateral to terminal interactions due to steric 
hindrance, because of the broadening of the molecules. 

Dietrich and Steigei^ attributed this phenomenon in the scries 
N(p-«-alkoxybcnzylidene )-p'-«-alkylanilines to their low intermolccular 
forces. This is indicated by their low transition points and expected 
because of the absence of strong permanent dipoles and shortness of the 
alkyl, chains. The present series is similar to the scries N( p'~/i-alkoxy- 
benzylidene ) p'-n-alkylani lines ; the difference is in the middle group and 
in the end alkyl chain. The intermolccular forces in the present series 
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would be reduced a little more and naturally the ascending tendency of 
the nematic-isotropic transition temperatures should be expected. 

The levelling off in the nematic-isotropic transition temperature curve 
in the present scries may be due to the weakening of the terminal attrac- 
tions, which begin to play their part in determining the temperature of 
the nematic-isotropic transition as the series is ascended. 

Smectic-nematic and nematic-isotropic transition temperature curves 
are extrapolated and the obscure transition temperatures arc obtained for 
these members. These extrapolated values lie well below the crystalliza- 
tion points of these compounds and that is probably the reason why these 
members are non-mcsomorphic. 

Table 2 summarizes the average thermal stabilities and comparative 
geometry of the present series ( A 1, and these arc compared with those of 
p(p'-^r-allcoxybenzoyloxy ) acetophenones (B)^o and n( p'-n-nalkoxybenzy- 
lidene jp'-zi-butylanilines (C)2. 



c 


Table 2 Average transition temperature (*€) 



A 

B 

C 

Nematic-Isotropic ( Q— C 7 ) 

51.5 

90-25 

77.0 

Smectic-Nematic ( C9 -C14 ) 

52.8 

99.5 

84*7 

Commencement of 

Nonyl 

Pentyl 

Butyl 

the smectic phase 

derivative 

derivative 

derivative 


The thermal stabilities of series ( A ) are lower than those of series 
(B) and (C). The difference in series (A) and (B) is in thp end 
group, molecules of series (B) having a -COCH3 end group with a 
permanent dipole moment. The molecules of series ( B ) would be more 
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polarizable than those of scries (A) resulting in the higher thermal 
stabilities in the mesophases of series ( B ). 

In the case of series (C), the main difference is in the middle group; 
series (A) has the -COO- middle group whereas senes (C) possesses 
-CH = N- middle group. The oxygen atom of the central carbonyl group 
will be bumping into the non-bonded sides of the adjacent hydrogens 
of the aromatic ring thereby causing considerable strain on the molecule. 
This will cause some twist around the C-O bond and force the benzene 
ring with the ester linkage out of the plane of the molecule ; this will 
reduce the coplananty of the molecule and increase the thickness*'. 
Thus both the thermal stabilities of series (A) are less than those of 
scries ( C ). 

The smectic mesophase commences early in scries (B) and (C) 
and the smectic-nematic curves join the nematic-isotropic curves in both 
the scries at octyl derivative, whereas in series (A) the smectic meso- 
phasc commences at the nonyl derivative and the extrapolated smectic- 
nematic and nematic-isotropic curves do not merge. Series (B) has a 
dipolar -COCH3 group at one end whereas the series ( A ) has only an 
alkyl group at that end. This may be the reason for the late commence- 
ment of the smectic phase in series (A). The main difference between 
scries (A) and (C) is in the middle group. As discussed before the 
molecules of series (A) will be less coplanar than the molecules of 
scries (C). This may be the reason for the late commencement of smectic 
phase in series ( A ). 


3. Materials and methods 

•- 

Melting points and transition temperatures were determined by the optical 
method of Dave and Dewar'2, The precise measurements were, however, 
made by the Leitz Ortholux Polarizing microscope epuipped with a 
heating stage. 

Preparation of compounds 

1. p-/i-Alkoxybenzoic acids and p-n-alkoxy benzoyl chlorides were pre- 
pared as described by Dave and Vora*^. 

2. Equimolecular quantities of p-n-alkoxybenzoyl chlorides and /?-cresoI 
arc taken in a round bottom flask heated on a water-bath for thirty 
minutes and then on a sand-bath just to boiling. The mass is poured in 
ice-cold %vatcr. The solid separated is filtered, washed with dilute sodium 
hydroxide solution followed by water and dried. The esters are crystallized 
fro^ alchohol into white plates or needles till constant melting points 
and transition temperatures arc obtained. These arc reported in table 1. 
The analytical data are recorded in table 3. 
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Tftble 3. p (/>'-«-alkoxybenzoyIoxy ) toluenes. 


Compound 

Molecular 

formula 

% Found 

C H 

% Required 

C H 

1 

C15H14O3 

74-52 

5.54 

74.38 

5-78 

2 

C 16 H 16 O 3 

74.52 

5.92 

75.00 

6-25 

3 

C 17 H 18 O 3 

75.86 

6*68 

75.55 

6-66 

4 

C 11 H 20 O 3 

75-75 

6-82 

76-05 

7-04 

5 

C 19 H 22 O 3 

76-25 

7-10 

76-51 

7.38 

6 

C 20 H 24 O 3 

76-88 

7-43 

76-91 

7-69 

7 

C 21 H 26 O 3 

77-41 

7-72 

77.30 

7-92 

8 

C 22 H 28 O 3 

77-76 

7-90 

77-64 

8-23 

9 

C 23 H 30 O 3 

78-03 

8-21 

77-96 

8-47 

10 

C 24 H 32 O 3 

78-11 

8-53 

78-26 

8-69 

11 

C 26 H 36 O 3 

78-30 

8-67 

78-78 

9-09 

12 

C 28 H 40 O 3 

79-49 

9-02 

79-24 

9-43 

13 

C 30 H 44 O 3 

79-58 

9-37 

79-64 

9.73 

14 

C 32 H 4 s 03 

79-73 

9.63 

80-00 

10-00 
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Influence of liquid crystalline solvents in chemical reactions * 

WILLIAM E BACON 

Liquid Crystal Institute, Kent State University, Kent, Ohio 44242 USA 

Abstract. The influence of the liquid crystalline state on chemical reactions 
is reviewed. Polymerization of mesomorphic molecules is briefly discussed. 
A review of the reactions of non-mcsomorphic molecules dissolved in 
liquid crystalline solvents includes a comparison of first and second-order 
rearrangements, pyrolysis and polymerizations in thermotropic liquid 
crystalline and isotropic solvents. Also a comparative study of the kinetics 
of hydrolysis in lyotropic liquid crystalline and isotropic phases is reviewed. 


Introduction 

The initial investigation of chemical reactions in nematic liquid crystal- 
line solvents was reported by Svedberg some fifty years ago*, and only 
within the past ten years has there been a renewed interest in this field. 
The influence of the liquid crystalline state upon chemical reactions is 
studied by utilizing mesomorphic reactant molecules directly or by dissolv- 
ing non-mesomorphic reactants in mesomorphic solvents. Some examples 
to illustrate the former are : polymerization of the liquid crystalline 
monomers as cholesteryl acrylate^, p-alkoxybenzylidene-p-aminostyrenes^, 
and p-substituted phenyl acrylates^. Examples of the latter are : rearrange- 
ment reactions in nematic solvents^, polymerization of p-mcthacryloxybcn- 
zoic; acid dissolved in mesomorphic p-alkoxybenzoic acid solvents^ and the 
polymerization of phenylacetylene in nematic and cholesteric solvents'^. 

The polymerization of p-methacryloxyloxybenzoic acid in the smecto- 
genic solvent, p-cetyloxybenzoic acid, or the nematic solvent, p-hcptyloxy- 
benzoic acid was done with free radical initiators and compared with the 
isotropic solution in dimethylformamide as a reference system*^* ®. The 
overall rate constant for the polymerization reaction in the smectic or 
nematic solvent was found to be higher than in dimethylformamide and 
the average molecular weight was higher in the smectic phase. The orga- 
nization of the monomer molecules within a mesomorphic solvent appears 
to have a considerable influence on the kinetics of polymerization and the 
molecular weight distribution^. 

Clalseii rearrangeinents in liquid crystalline solvent 

Although the work cited demonstrates the influence of the liquid crystal- 
line •media in bimolecular reactions, a study of a similar influence in 

^Prcfented by Professor Glenn H Brown 
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intramolecular reactions was undertaken by determining the kinetics of the 
Claisen rearrangement and the thermodynamic quantities by which this 
influence can be described^. The Claisen rearrangement in the nematic 
solvent, di (p-mcthoxyphenyl ) trans cyclohcxanc-1, 4-dicarboxylatc, was 
evaluated by measuring the rate of rearrangement of a series of para-swh- 
stituted allyl phenyl ethers in two different solvent systems, i,e,t a 
nematic and an isotropic solvent. The Claisen rearrangement is shown in 
the following equation 



where R is -CH3, -Cl, -CN and -NO2 

The rate constants for the rearrangements at three temperatures, calculated 
from the first order rate equation, arc recorded in table 1. 


Table 1 Rate constants for claisen rearrangement in nematic solvent 



-O-CHj-CH-CH 


2 


Temp. ± *05® 

R 

k X 10^ scc~* 

Temp. ± .05° R 

k X 10® sec-i 

160 

-CH, 

4.17 ± .02 

160 -CN 

1.38 ± .01 

185 


32-8 ± -60 

185 

12.1 ± .18 

200 


95-3 ± 3-5 

200 

40-9 ± 3-0 

160 

-Cl 

3.41 ± -05 

160 -NO2 

1-23 ± .02 

185 


26-9 ± -40 

185 

10.3 ± .25 

200 


83*6 i 1’2 

200 

42.7 ± 1.2 


The energy of activation, was obtained from the Arrhenius plot for 
each substituted allyl phenyl ether and such a plot for the rearrangement 
of allyl p-cyanophcnyl ether is shown in figure 1. 
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Figure 1 Arrhenius Plot for the rearrangement of ally! />-cyanO“phenyl ether in 
nematic solvent. 

The activation parameters for the rearrangement of a series of p-substi- 
tutcd allyl phenyl ethers using the nematic solvent are given in table 2, 
and the activation energies are reliable to 1 kcal / mole and the entropies 
of activation to one entropy unit. 

Table 2 Activation parameters in nematic solvent 



R 

E.-t 

AHt§ 

Log .4§ 

AS§* 

CH3 

31-9 

29-8 

10-7 

-10-2 

Cl 

32-6 

30.5 

10.9 

- 9.3 

CN 

34-7 

32-6 

n-6 

- 6-1 

NO^ 

35.8 

33.7 

12-0 

4.1 


t kcal/mole { Calculated at 185** * cal/deg/mole 
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The reaction rates and activation parameters for the Claisen rearrange- 
ment found in the nematic phase of the solvent are compared with two 
different solvents in the isotropic phase: (a) di ( /^-methoxyphenyl ) trans 
cyclohexane-1. 4-dicarboxyIate at 220® and 230®; ( b ) diphenyl ether at 
160°, 185° and 200°. The Arrhenius plot (figure 2 ) of the data for the 
rearrangement of allyl p-cyanophenyl ether in the solvent, di (p-methoxy- 
phenyl ) trans cyclohexane-1, 4^icarboxylate at five different temperatures, 
three in the nematic range and two in the isotropic range of the solvent 
shows no discontinuity and indicates that the influence of the temperature 
on the rate of reaction is the same regardless of the structure of the 
solvent. 



Figure 2 Arrhenius plot for the rearrangement of allyl p-cyano-phenyl ether in 
the nematic and isotropic phase of the liquid crystalline solvent. 

A similar plot for allyl p-nitrophenyl ether also describes a straight line. 
The influence of the structural aspect of the nematic solvent upon these 
rearrangements is also apparent from a comparison of the activation para- 
meters (table 3) with the isotropic solvent, diphenyl ether. 


Table 3 Comparison of activation parameters 
Nematic Solvent 


R 

E. 

ah* 

AS* 

-CHs 

31*9 kcal/mole 

29-8 kcal/mole 

- 10-2 cal/deg/molc 

-Cl 

32-6 

30-5 

- 9.3 0 

-CN 

34-7 

32.6 

- 6-1 
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Isotropic Solvent f 


R 


ah* 

AS* 

-CHj 

31-9 kcal/molc 

29*8 kcal/mole 

-10*7 cal/deg/mole 

-Cl 

33*2 

31.1 

— 8*6 

-CN 

34.3 

32.2 

- 1*1 


* Calculated at 185° 
t Diphenyl ether 


The similarity of the reaction order and the activation parameters in the 
nematic and isotropic solvents indicates similar rate-determining steps for 
the reaction in both types of solvent. 

The reported first-order rate constants for the Claisen rearrangements 
in isotropic solvents are recognized to be composites of the rate constants 
of the individual steps : 



In isotropic solvents the rate determining step is k\, since the enolization 
step, is very rapid. The intramolecular nature of this reaction which 
proceeds through a cyclic intermediate is well documented in isotropic 
solvents and the similarity of activation parameters and the order of the 
reactions in nematic solvents indicates a similar mechanism. The problem 
of measuring the influence of the nematic solvent upon the Claisen 
rearrangement is limited to the rate-determining step, that is, the forma- 
tion of the cyclic intermediate state. Therefore, the similar influence of 
the nematic and isotropic solvents in this reaction is expected because of 
the unimolecular nature of the reaction. The influence of isotropic 
solvents on reactions is more pronounced in higher order reactions and 
therefore we undertook a study of a second-order isomerization reaction. 


The rearraiigement of a -benzyloxy styrene in nematic solrent 

The isomerization of a-benzyloxystyrene’ shown in the following equation 
is a* second-order reaction reported to undergo a free radical chain 
mechanism'^. 
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Solutions of the reactant in nematic or isotropic solvent arc homogeneous 
single phases that readily isomerize in the absence or presence of benzoyl 
peroxide. The product, j3-phenylpropiophenone was isolated (80-5%) from 
the thermal isomerization of a-benzyloxystyrene dissolved in either the 
nematic or isotropic solvent indicating that the major product is similar in 
both solvents. The change in concentration of the alkoxystyrene was 
monitored by the change in absorption of the carbonyl group at 5*85 m for 
p-phcnyl propiophenone and is described by the following equation : 

d[.4]/d/ - - k\AY 
The integrated form is 

(IM) ~ (iMo) - kt 

where is the initial concentration of the ether and A is the concentra- 
tion after time, r. The second-order rate constants for the reaction in 
nematic and isotropic solvents are shown in table 4, and are about four 
times larger in the nematic solvent than in the diphenyl ether. 


Table 4 Rate constants for isomerization of a-benzyloxystyrene 



k X 10» 

liters mol"* sec"* 

Temp. 

Nematic Solvent * 

Diphenyl ether 

169 ± .05 

11.6 ± 0.5 

3-60 ± 0-2 

179 ± .05 

24.6 ± 0.5 

6-10 ± 0-2 

189 ± .04 

49.7 ± 0.7 

ii.o ±0.4 


♦ Di ( j^-mcthoxyphenyl ) trans cyclohexane-1 ,4-dicarboxylatc 


The Arrhenius plots arc shown in figure 3. The greater slope of line B for 
the nematic solvent clearly indicates that the rate constants incr^e faster in 
the nematic than in the isotropic solvent. This is an interesting observa- 
tion, that is, the rate of the reaction and the energy of activation in the 
nematic solvent are higher than in the diphenyl ether. 
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Figure 3 Arrhenius plot for a-bcnzyloxystyrcnc isomerization. 


The activation parameters for this reaction in the nematic and isotropic 
solvents are collected in table 5, and they arc reliable to 1 kcal / mole 
with the entropy of activation within one entropy unit. 


Table 5 Activation parameters for a-benzyloxystyrene 


Solvent 


AHt§ 

AGt§ 

AS§- 

Nematic* 

29-0 

27*2 

34.3 

-15-9 

Diphenyl Ether 

0 

22-0 

20-2 

35-5 

- 34.0 


• Di ( p-mcthoxyphenyl ) trans cyclohcxane-1 ,4-dicarboxylate 
t kcal/mol. * 

calculated at 180^ 
kcal/deg/mol 
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Our findings for the isomerization of «--bcnzyloxystyrene in nematic 
and isotropic solvents are in accord with previous work. We assume 
the mechanism for this reaction is the same as reported in the follo- 
wing mechanism*®. 


Initiation I 

% . c/“ . - c/ 

Propagation t 
R 


0 '^ .H ^-0 


C - C' ♦ .C - c. 








^ ^ H,-C' 




Tarmlnatlon t 
2 R* > R - R 




c/' « 

CjHj-C-CHjR * CjHj-e-CHjR + R* 


The rate-determination step is the initiation reaction in this mechanism. 


A comparison of activation parameters in table 5, with the rate con- 
stants in table 4 for the reaction in the two different solvents shows a 
higher energy of activation and rate constant for the reaction in the 
nematic solvent. The hindered rotation of the solute molecules in the 
nematic solvent leads to a loss of entropy when they combine. The 
entropy of activation is therefore greater and the rate likewise greater 
for the reaction in the nematic solvent. The effect of the greater lH for 
the reaction in the nematic solvent is clearly counterbalanced by an in- 
crease in since the aC? values do not differ significantly between the 

two solvents. Perhaps the oriented a-benzyloxystyrene molecules dissolved 
in the nematic solvent facilitates interaction with the neighbouring reactant 
molecules thus promoting the initiation step for the reaction. 


Xanthate pyrolysis in nematic solvents 

The influence of liquid crystalline solvents in directing the course of a 
pyrolysis reaction was recently reported**. The pyrolysis of a substituted 
xanthatc in liquid crystalline solvents gave a yield of olefiifS twice as 
large as that obtained for the reaction in isotropic solvents. ^The pyrolysis 
of xanthatc, I, for which there are two such transition states, II a, and. II b, 
leads to mixtures containing vinyl cyclohexane. III, and ethylienc- 
cyclohexane, IV. The liquid crystalline solvents were, VI, VII, and the 
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Figure 4 Pyrolysis of xanthatc ( 1 ), in various Bolvcnts. Reactions at 160 ± 0.2®. 

Concentration of (I) = 4%. Points shown are the average of two runs. 
X: solvent ( V ), non-liquid crystalline ; A: solvent (VI), liquid cry- 
stalline ; □ : solvent (VII), liquid crystalline; o • decalin, non-liquid 
crystalline. Yields are calculated from g.c. traces using a cycohcxcnc 
standard. Sensitivity factor = sample/standard = 0.85. 

Hydrolysis reactions in lyotropic liquid crystalline phases 

Systems of surfactants, alcohol and water are reported to contain liquid 
crystalline phases in addition to the isotropic solutions*^. Recently, a 
study of the change in the rate of hydrolysis of p-nitrophenyl laurate as 
a measure of the influence of the liquid crystalline phases upon a chemical 
reaction was reported*^ The lyotropic liquid crystalline solvent selected 
in this work is water-hexadecyltrimethylammonium bromide-hexanol because 
the phase equilibria and the structure of the different phases have been 
studied by different methods 

The rates of hydrolysis were determined in the liquid and liquid crystal- 
line phases for a series with a constant alcohol-hexadecyltrimethylammonium 
bromide ratio as a function of the water concentration. Reaction rates were 
detennined in liquid crystalline phases : the lamellcr “ neat phase N, the 
•‘middle” phase M. and in the liquid phase L in the system shown in 
figure 5. The pseudo-first-order reaction rate constants were determined 
from the slope of the extinction of the phenolate ion as a function of 
time. Since the water content varied considerably within each phase, 
second-order “rate constants” were calculated by division of the molar 
concentration of water. The rate constants in the liquid isotropic phase L 
arc shown as a function of the water content in figure 6. No difference 
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WATER C.T.A.B 

Figure 5 Regions and structure for the phases of the system watcr-cetyltrimcthyl- 
ammonium bromide-hcxanol. 



Water, weight per cent. 


Figore 6 fteaction rates in the aqueous isotropic liquid phase L. The hexanol 
^ -CTAB ratio ( w/w ) were x (X), x (A), and x 0.13(g). 
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in the rate constant was found when the alcohol-hexadecyltrimethylam- 
monium bromide ratio was varied at water content in excess of 90% by 
weight. A distinct decrease in reaction rate was observed with less water 
and increasing the relative alcohol content. The apparent second-order 
rate constants are also shown in figure 6. 

Figure 7 shows the rate constants as a function of water per cent for 
the reaction in the liquid crystalline phase N. Note the pronounced 
increase in the rate constants when the percentage of water is increased 
from 45 to 70 per cent. The second order rate constants are approximately 
unchanged at water contents above or below this range. The reaction rate 
increases by a factor of three when the ratio of hexanol-hexadecyltri- 
methylammonium bromide was increased from 0*2 to 0*7 (w/w). In 
general, the rates were higher in the liquid crystalline phase than in the 
isotropic liquid solution L at the corresponding water content. 


The liquid crystalline phase M is extremely viscous and because of 
experimental difficulties only a few determinations of the reaction rates 
are reported in figure 8. Note an increase of the reaction rate when the 
water concentration is increased which is similar to the results obtained 
for the lamellar phase N. Although the rates are generally lower the 
second-order rate constants in the lamellar phase N are higher compared 
to the results obtained in the isotropic liquid region L. 



FIgwe 7 Reaction rates in the liquid crystalline neat phase N. The hexanol 
-CTAB ratio (w/wD were 0.77 ( Q ), 0.55 ( Q )» 0-34 (C), and 0.23 ( A ). 
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Figure 8 Reaction rates in the liquid crystalline middle phase M. The hexanol- 
CTAB ratios ( w/w ) were 0.02 ( r ), 0.06 (■) and 0.10 ( + ). 


This investigation gave evidence of a catalytic effect of cationic sub- 
stances associated in liquid crystalline phases*^. A great deal of work on 
the enhancement of the reaction rates at the critical micelle concentration 
of hexadecyltrimethylammonium bromide is reported*^. At concentrations 
in excess of the critical micelle concentrations in the system water-hexanol- 
hexadecyltrimethylammonium bromide shows the micelle structure changes 
with the concentration of the CTAB. An examination of the reaction 
rates obtained in this investigation in the light of the information on 
micellar structures shows a pronounced dependence of the reaction rate 
on variation in micellar structure. The increase in the reaction rate 
constants when the system changes from liquid isotropic phase to the 
middle phase indicates the presence of a structural change influencing the 
hydrolyses reaction. 


Polymerization of phenylacetylenc in nematic, cholesteric and isotropic 
solvents 

The thermal polymerization of phenylacetylene in nematic, cholesteric 
and isotropic solvents was recently reported^. Phenylacetylene was selected 
as the monomer because it readily oligomerizes to give cyclic and linear 
products as well as high polymers. The dissolution of this linear molecule 
in liquid crystalline media tends to orient the long axes of the solute and 
solvent parallel to one another thereby influencing the kinetics of the 
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reaction. The rate constants for this reaction in the three solvent systems 
were determined by following the change in concentration of the phenyl- 
acetylene as a function of time with a Perkin-Elmer 337 equipped with 
Ordinate Scale Expansion. The peak intensity at 3280 cm-' due to C-H 
stretching in phenylacetylene was found to be proportional to the 
concentration of the monomer. The change in concentration as a function 
of time for the thermal polymerization in nematic, cholesteric and 
isotropic solvents follows the second-order rate equation : 

d(A)ldt ^ - k(A)^ 

The rate constant, k is obtained from the slope of the line in the plot 
(1//1) (l//4o) versus time. The rate constants for the polymerization 
reaction in the three solvent systems are shown in table 6 and it is 
apparent the rate is faster in liquid crystalline solvents than in the iso- 
tropic solvent, /j-xylenc. Although the details of the influence of the liquid 
crystalline solvent in accelerating the rate of polymerization are unclear, 
the comparison of the rate constants in the mesomorphic and isotropic 
phases of the same solvent will determine if the ordered structure exerts 
a catalytic effect. 

T«blc 6 Rate constants for the thermal polymerization of phenylacetylene 
at 150". 


Solvent 

k X 10^ I. mol.-^ sec.-' 

Nematic* 

87.2 

Cholestnc'* 

44.9 

Isotropic‘S 

2.4 


• di (/>-mcthoxyphcnyl ) trans cyclohcxanc-1 ,4-dicarboxylatc 

•* Prepared by the addition of 4.4 mol. % of cholestanyl ;7-mcthylbenzoalc to the 
nematic. 

• p-xylcnc 

Further analysis of the cyclic products from the oligomerization of 
phenylacetylene as well as isolation of the linear polymers will indicate 
which of the three types of addition of phenylacetylene to itself is 
produced in the various solvents. 

In summary, the evidence indicates the liquid crystalline solvents exert 
an influence on chemical reactions and this interesting role is currently 
unfolding. Whether it parallels the influence of the micellar media or the 
crystalline state awaits development. 
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NMR Spectra of molecules oriented in a lyotropic mesophase 
Part I : Tbe spectra of pyridazine, pyrimidine and pyrazinet 

C L KHETRAPAL*. AC KUNWAR* and A V PATANKAR** 
*Raman Research Institute, Bangalore 560006, India 
••Bhabha Atomic Research Centre, Bombay 400085, India 

Abftract. A lyotropic mesophase formed by a 14 : 1 : 1 : 20 mixture (by 
weight) of sodium dodecyl sulphate, sodium sulphate, decanol and 
heavy water is used to study the PMR spectra of pyridazine, pyrimidine 
and pyrazine. Since the ordering of the molecules is much lower in 
this case compared to that in a thermotropic mesophase, analysis of 
the spectra was considerably simplified. Some of the dipolar couplings 
could be guessed fairly accurately even from the first order analysis. 
The geometry information and the order parameters arc derived in 
each case. Ratios of interproton distances thus determined arc 
compared with those obtained from the studies in the thermotropic 
mesophase. For pyrimidine and pyrazine they are found to agree. 
However, in pyridazine a deviation of about 5% in one of the distance 
ratios is observed. This may be attributed to a hydrogen bonded 
complex formed between pyridazine and water in the lyotrophic phase. 
In pyridazine, the 5-valuc along the Ci axis of symmetry is found 
positive and that perpendicular to the plane of the ring negative as 
in thermotropics. The order parameter in the ring plane along an 
axis perpendicular to the symmetry axis has the largest positive value. 
In pyrimidine, the 5-valuc of the axis perpendicular to the plane of 
the ring is negative and its magnitude decreases with the increase of 
temperature such that at A5°C it is nearly zero. The order parameter 
of the symmetry axis has the largest positive value. 

For pyrazine it was possible to determine the signs of the order parameters 
in this phase by assuming the signs of the indirect spin-spin couplings. 
This was not possible in thermotropic liquid crystal solvents. The S-value 
of an axis perpendicular to the ring plane was found positive as for most 
of the aromatics in a lyotropic mesophase. 


1. Introduction 

The use of a lyotropic mesophase formed by a mixture of Cs or Cio alkyl 
sodium sulphate, the corresponding alcohol, sodium sulphate and water (or 
heavy water) in approximate ratios of 8 : 1 : 1 : 10 has earlier been suggested 
as the orienting medium in NMR experiments*-^. Studies in a lyotropic 
phase aimed at the elucidation of molecular structure are relatively rare 


fAn* extension of the work submitted to the Third Symposium on Ordered Fluids 
and Liquid Crystals held in Chicago in August 1973 
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compared to those in a thermotropic mesophase. This is probably due to 
the fact that the orientation processes in the former are much slower and are 
rather critically dependent on the concentration and the purity of the 
ingredients. On the other hand such a phase complements a thermotropic 
mesophase in that some of the substances which are not soluble in the 
latter may dissolve in the former. Further, such a phase permits the 
spinning of the sample without destroying the orientation in commonly 
available magnetic fields where the direction of the field and the axis of 
the sample spinning are perpendicular to each other. This results in 
relatively sharp lines (with widths 1-2 Hz). Another feature of such a 
phase is the relatively low molecular order of the dissolved species which 
sometimes ( 1 ) simplifies the spectra such that it may be possible to 
estimate the NMR parameters from the first order analysis to a reasonable 
accuracy, and (2) makes it possible to derive the information which is 
lost as a result of the dominating nature of the dipolar couplings. Studies 
on such a phase coupled with those in a thermotropic mesophase may 
permit the determination of the components of the chemical shift tensor 
in systems with C 2 v-symmetry. 

In the present paper, we report the results obtained from the PMR 
spectra of the title compounds dissolved in a phase (referred to as II 
hereafter) formed by a 14 : 1 : 1 : 20 mixture (by weight) of sodium dodecyl 
sulphate, decanol, sodium sulphate and deuterium oxide. The phase 

proposed earlier*-^ (referred to as I hereafter) differs from II in having 

sodium decyl sulphate instead of sodium dodecyl sulphate in addition to 
somewhat different relative proportions of the ingredients. 

2. Experimental 

About 2% (by weight) of the solute was added to the phase and the mixture 
was centrifuged for about half an hour. The solutions thus prepared were 
transferred to the 5 mm NMR sample tubes and kept for spinning in the 

magnetic field for several hours ( 7 ) before the spectra were finally 

recorded on a Varian A-60 NMR spectrometer. The line-width varied 
from 1-2 Hz. The sweep time and the sweep width used were 5000s and 
500 Hz respectively. Spectra of pyrimidine and pyrazine were recorded at 
45 °C whereas pyridazine was studied at 35 °C. In addition, pyrimidine was 
also studied at 35 for comparison of the various results. 

The statistical error in the measurements of line positions was 

0.2 Hz. 

3. Results and discussion 

3.1. Analysis of the spectra 

Spectra of pyridazine, pyrimidine and pyrazine are shown it figures 1-3 
respectively. Since the spectrum of pyrazine is symmetrical about the 
centre, only the upper-field half of the spectrum is shown in figure 3. 
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Figure 1 Observed and calculated PMR spectra of pyridazine oriented in the lyotropic 
phase (II). Spectrometer: A 60. Concentration: 2% (by weight). 
Temperature : 35° C. 


In pyridazine and pyrimidine, since the chemical shifts between the 
various protons are relatively large compared to the direct dipolar coup- 
lings, it was possible to assign some of the groups of lines to particular 
protons and hence some of the parameters could be guessed fairly 
accurately from the first order analysis, e.g., for pyridazine (figure 1 ), 
tl\e highest field quartet forms about half of the spectrum due to protons 
2 and 3 and for pyrimidine (figure 2), the doublet of quartets at the 
highest field arises due to proton 3. 

In pyrazine (figure 3), the spectrum consists of a symmetrical 
doublet of sextets^. In each sextet four lines are independent of the 
isotropic spin-spin couplings and are in the intensity ratio of I : 1 : 1 : 2. 
The remaining two lines with a total relative intensity of 3 are split up 
by the isotropic couplings in an approximate intensity ratio of 1:2; they 
usually overlap^.® in the spectra in thermotropic liquid crystals. On the 
other hand the separation between these two lines provides approximately 
f (^23 + •^ 13 )- The sign of this quantity relative to that of the direct 
couplings can be derived from the analysis. Information on the molecular 
orientation can thus be obtained, 

• 

The final analysis was carried out with the help of the LAOCOONOR 
programme*^ which also contains the definitions of the coupling constants 
and the chemical shifts (vi-vj). In the analysis, the chemical shifts and 
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Figure 2 Observed and calculated PMR spectra of pyrimidine oriented in the lyotropic 
mesophase (II). Spectrometer: A 60. Concentration: 2% (by weight). 
Temperature : 45°C, 



Fignrt 3 Observed and calculated PMR spectra of pyrarine oriented in the lyotropic 
mesophase (II). Only upper-field half of the symmetrical spectrum is 
shown. The highest field line* is 174.6 Hx from the spectral centre. Speclro- 
meter : A 60. Concentration : 2% ( by weight). Temperature : 45® C. 
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the direct dipolar coupling constants were iterated upon and the values of 
the indirect couplings used were taken from the literature on the spectra 
in the isotropic media*.’. The calculations were carried out on a 
CDC-3600 computer. The root mean square error between the observed and the 
calculated line positions was 0.24 Hz, 0.26 Hz and 0.08 Hz for pyridazine, 
pyrimidine and pyrazine respectively. The maximum error of any line 
position from its experimental value was found to be 0.46 Hz for pyrida- 
zine, 0.50 Hz for pyrimidine and 0.08 Hz for pyrazine. Values of the 
parameters thus obtained are given in table 1. 

The signs of the direct dipolar couplings were found as given in 
table 1 on the valid assumption that the signs of the major indirect 
spin-spin couplings in these cases are positive. 

By carrying out iterations on the indirect coupling constants in 
addition to the direct ones and the chemical shifts, it was found that the 
direct couplings and the chemical shifts do not change beyond their 
experimental errors given in table 1. It was also found that 
(1) in pyridazine, yi2=5.31 Hz, /i3=1.79Hz and the other couplings could 
not be determined with any reasonable precision, (2) in pyrimidine, it was 
not possible to obtain any of the indirect couplings accurately, and 
(3) in pyrazine, it was possible only to estimate the value of (/u + ^u) 
as 1.6 ± 0.2 Hz. This sum is expected to have a positive sign by analogy 
with substituted benzenes and hence the signs of the direct couplings arc as 
given in table I. This information could not be derived from the spectrum 
of pyrazine in a thermotropic mesophase because of the overlap of the 
lines which are dependent upon the indirect spin-spin coupling constants^. 

3 . 2. Molecular geometry 

The relations between the direct dipolar couplings and the ratios of the 
interproton distances reported in the literature^*** were used to obtain the 
geometry information reported in table 2. The values within parentheses 
are those obtained from the study in the thermotropic mesophase. The 
errors of the distance ratios given in table 2 correspond to those derived 
by changing the dipolar couplings by the amount of their deviations 
( table 1 ) such that maximum deviations in these ratios from their mean 
values were obtained. 

Table 2 indicates that the agreement between the distance ratios 
obtained in the lyotropic and the thermotropic mesophases is astisfactory 
for pyrimidine and pyrazine. However, there are significant deviations 
between the values for pyridazine. We have also made an investigation 
on pyridazine dissolved in the lyotropic mesophase (I)*. We find 

m/ris-* 1.673 and ri 4 /r 23 - 1.894 in agreement with the 
values obtained in the lyotropic mesophase (II). An investigation on 
.pyridazine dissolved in 4^thoxybenzylidene-4-/i-butylaniline was also made. 
The distance ratios obtained in this phase are in agreement with those 
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pyrimidine and pyrazine as determined from the present inve 
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obtained earlier in the thermotropic mesophase*®. Thus the distance ratio 
r 12/^23 lyotropic mesophase is about 5% shorter than in the thermo- 

tropic phase. It may arise from a specific molecular interaction of 
pyridazine with either the thermotropic or the lyotropic mesophase with 
the result that the structure determined in that phase does not truly 
represent that of the pyridazine molecule. Earlier, from spectroscopic 
studies a hydrogen bonded interaction of the type 


H 



H 

H 


involving the non-bonding electrons of nitrogen has been postulated 
between pyridazine and water. These sudies, therefore, provide a method 
to study some of the weak molecular interactions specially where the 
atoms directly involved in the interaction cannot be used as the probes. 

For pyrimidine, exactly the same distance ratios in the two lyotropic 
phases were obtained (table 2) even though the molecular orientations are 
quite different. 


3.3. Molecular Order 

The lyotropic mesophase orients differently in the magnetic field compared 
to the thermotropic one in that it permits spinning of the sample about its 
axis in a direction perpendicular to the magnetic field without destruction 
of the orientation. For comparing the 5-values under similar conditions 
of concentration and temperature, measurements in pyrimidine were carried 
out at two different temperatures, namely 45®C and 35°C. The results 
arc summarized in table 3, 

Table 3 shows that the magnitude of the 5-values is in general larger 
in the phase (I) than in (II). The 5„ value is more negative in pyrida- 
zine than in pyrimidine at the same temperature ( 35 ). At higher 

temperature ( 2 ; 45 ®C), the 5„ value in pyrimidine becomes almost zero. 
At 45 the 5„ value in pyrazine is positive. In pyridazine and pyrimidine, 
the largest 5-values are found along the largest molecular axes. This 
behaviour is similar to what is observed for these moleculer in thermo- 
tropic liquid crystals*®'**. It should be pointed out that in pyridazine the 
values of the order parameters reported in table 3 might have been modified 
due to the formation of the hydrogen bonded complex discussed in 



T.li!«3 S-values in Pyridazine. Pyrimidine and Pyrazine in the lyotropic mesophase^ ( H ) at the same concentra- 
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<p Values in the phase ( I ) 

• = 2.481 A ( assumed ) ; t r.. - 4.274 A ( assumed ) ; t r„ = 4.274 A (assumed ffA = 10-' 
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\ 

section 3.2 and they need not correspond to the I true values for the 
uncomplexcd molecule. For pyrazine, the signs of the order parameters 
could not be obtained in thermotropics^ and hencei no such comparison 
could be made. 

Recently, we came across the following papers by Long et al : 

( A ) Mol Cryst. Liquid Cryst. 21, 299 ( 1973 ) and 32, 137 ( 1973 ) 

(B) Proc. Am. Chem. Soc. meeting edited by J F Johnson and 
R S Porter (Plenum Press ) p. 147 { 1974) 

Results on pyrazine, pyrimidine and pyridazine in the lyotropic phase 
( I ) arc reported in paper ( A ) and in the paper ( B ), those in a new 
lyotropic phase formed by potassium laurate, decanol, potassium chloride 
and D 2 O arc given. 

Our results agree with those given in papers ( A ) and ( B ) for pyrazine ; 
however, deviations outside the reported experimental errors are noticeable 
within references (A) and (B). 

For pyrimidine in phase (I), the results are not consistent within the 
two references in (A). Besides in paper (A), the authors iterate upon J 24 
also and derive a value equal to 5*3 ± 0*4 Hz at 311 K and 7*6 Hz at 
305 K for it. This is actually consistent with our finding that this J-value 
cannot be determined to any reasonable precision from such measurements. 
Our results on the molecular geometry of pyrimidine in phase ( I ) are 
nearly in agreement with those reported in reference ( B ). 

In pyridazine, our results in the phase ( 11 ) do not agree with those 
given in references ( A ). However, the distance ratios determined in phase 
( I ) from the present measurements and those derived from the data reported 
by Long et al { A) at 309 K are not in too bad an agreement. In pyrid- 
azinc again, Long et al find that J 12 varies from 5*0 ± 0*2 Hz at 305 K to 
6*4 ± 0«6 Hz at 314 K which is too large a variation. Such a procedure 
in fact increases uncertainties in the determination of Devalues. 
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DISCUSSION 

Dhingra : In pyridazine-water complex, how do you rule out the possi- 
bility of a 1:2 complex ? 

Khetrapal: Firstly, as 1 stated earlier, our results cannot predict whether 
it is 1 : 1 complex or 1 : 2 complex or whether at all the hydrogen bonds 
are formed. The differences in the structural parameters observed in the 
lyotropic and the thermotropic phases are indicative of the fact that there 
are solvent-solute interactions cither in the thermotropic or in the lyotropic 
phase. A survey of the literature on pyridazine-water systems leads us to 
believe the formation of the complexes of the type mentioned. Secondly, 
in the case of a 1:2 type of complex, J would have expected deviations 
in the structural parameters for all the compounds studied. 
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PMR studies on N-methyl formamide oriented in a liquid 
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Abstract. The PMR spectrum of N -methyl formamide dissolved in the 
nematic phase of 4-methoxyben7ylidenc-4-amino-a-methyl cinnamic 
acid-/;-propyl ester is reported. The four interproton dipolar coup- 
lings are derived. Using reasonable values for the bond lengths and 
the bond angles, it is found that the results arc consistent with 
the molecule having a plane of symmetry containing the fragment 
H.CO.NH.C. Assuming the H-CO N fragment to be rigidly planar, 
this plane of symmetry may ‘ effectively ’ arise also from two rapidly 
interconverting conformations in which the remaining two bonds 
meeting at the nitrogen atom arc bent cither below or above this 
plane ; the angles of bend arc less than 10°. 

Information on the mode of rotation of the methyl group about the 
N-C bond is derived. 

The results establish that N-methyl formamide contains predominantly 
the ' trans' species ( NH and the C=0 groups in the Irans position), in 
addition, some weak lines, which arise from the 'as* species ( NH and 
the C=0 group in the cis position ) present to a much smaller 
extent are detected. 


1. Introdoction 

During recent years, there has been considerable interest in theoretical 
calculations related to the conformation of peptides and proteins*-®. In 
most of these studies a completely planar peptide unit has been used, 
whereas, in some cases, it has been pointed out that the peptide unit is 
non-pIanar®» In view of the importance of such studies, it is essential 
to establish experimentally whether the peptide unit is planar or not ; 
NMR studies in a nematic solvent provide an easy method for this 
purpose*. •Since monosubstituted amides arc the simplest structures which 
contain the j>eptide bond, it is convenient to investigate them first in 
prdej to obtain information on more complicated sytsems. In the present 
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paper, which is the first in the series, results obtained from the PMR 
study of N-methyl formamidc (figure 1) dissolved in a nematic solvent 
are reported. 




HC3) 



Figure 1 Structure of N--methyl formamidc. Structure I is referred to as the * irons 
structure * and structure II as the * eh structure *. The bond lengths arc 
given in imits of 10"** m and the bond angles in degrees. The two different 
structural data given are discussed in the text. 
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The PMR spectrum of N-methyl formamide has been studied earlier 
in the isotropic phased-**. It has been found that both the *trans* 
( structure I ) and the ‘ cis * ( structure II ) species are present at room 
temperature. The presence of both the rotational isomers indicates a 
relatively high barrier to internal rotation. An estimated value of 20-28 
Kcal./mole for the barrier to internal rotation*^ supports this point of 
view. One of the isomers is found to be present to the extent of about 
92% and the other about 8%"*. Further, from studies of a large number of 
substituted amides including *5^ enriched compounds and the effects of 
solvents like benzene on the methyl proton resonances in N-methyl 
formamide, it has been shown that it is the ‘ trans * configuration 
(structure I) which is present predominantly (2:^92%). NMR spectra of 
molecules dissolved in a liquid crystalline nematic phase which contain 
information about the molecular geometries provide direct knowledge of 
whether the ‘ cis * or the ‘ trans * species is more abundant. Such results 
are also reported in the present paper. 

In the isotropic phase spectrum, the resonance of the N-H proton has 
been found to be considerably broadened due to the quadrupolar relaxation 
of nuclei. Analyses of the single and the double resonance PMR 
spectra of substituted N-methyl formamide’®* ” provide the signs and 
the magnitudes of the inter-proton indirect spin-spin coupling constants. 
They have been used in the analysis of the spectrum in the nematJC phase 
described in the paper. 


2. Experimental 

A 16.7 mole per cent solution of commercially available N-methyl 
formamide was prepared in 4-mcthoxybenzylidenc-4-amino-a-methyl 
cinnamic acid n-propyl ester (a). The spectrum (figure 2 ) of the solution 
was recorded at probe temperature ( 2::30°C) on a varian HA-100 spectro- 
meter in the field sweep mode without ‘ lock *. 

The average line-width was 7 Hz. Several spectra were recorded and the 
mean line positions were measured. The statistical error in the measure- 
ment of line positions was found to be 1.0 Hz with no line deviating by 
more than 2.0 Hz from the mean value. 


3. Resalts and discasslon 
3.1. Analysis of the spectrum 

Analysis of the spectrum was carried out with the help of the 
LAOCOONdR's programme adapted to the lBM-360/44 computer. During 
the *analysis, the direct dipolar couplings between nuclei i and j as 

defined in the LAOCOONOR programme ) and the chemical shifts ( vi - Vj ) 

• « 
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were iterated upon. Values of the isotropic couplings were taken from 
the literature*' and were not iterated upon. An r.m.s. error of 0*7 Hz was 
obtained between the observed and the calculated line positions with no 
line deviating by more than 3*0 Hz even when the overlapping lines were 
included in the analysis. The calculated spectrum is shown below the 
observed one in figure 2. Values of the parameters obtained arc given in 
table 1. A comparison of the observed and the calculated spectra in 
figure 2 shows that some of the weak lines in the observed spectrum do 
not appear in the calculated one. They may arise from the ‘cis’ 
species present in much lower abundance. This portion of the spectrum 
has now been studied by accumulating sufficient number of spectra with 
the help of a suitable ‘time averaging’ computer; the results will be 
published elscwhere^^^ 

Table 1. Spectral parameters for N-methyl formamide dissolved in the 
nematic phase of (a). Numbering of protons refers to that given in 
structure ( I ). 


Nuclear pair 

(i. j) 

Coupling constants (Hz) 

( V) - V, ) 

Hz 

Indirect ( Jy ) 

Direct 

dipolar (Du) 

(1. 2) 

1-9 

-376*96 ± 0*8 

123.3 ± 3.4 

(1. 3) 

-0-8 

- 44*39 ± 0*6 

533.1 ± 3*4 

(1. 4). (1, 5) 

(2. 3) 

4-9 

- 36*35 ± 0*7 


(2. 4). (2, 5) 

(3. 4) 

(3. 5). (4, 5) 

does not 

affect 

163.20 ± 0*2 



Errors of the parameters given in the table 1 were determined as 
described in the literature*^. 


3.2. Conformatioiitl Informatioii 

The proton spectrum of one conformation of N-methyl formamide provides 
/our, interproton direct dipolar coupling constants. If the molecule does 
not possess a plane of symmetry, the four inter-proton dipolar couplings 
do not ^even provide the order matrix which has 5 independent elements. 
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In order to obtain any structural information in such a case, it is essential 
either to study the isotopically enriched ( and ) species or to 
accumulate sufficient number of spectra with the help of a suitable 
computer for obtaining the direct couplings with nuclei which are present 
in low natural abundance. If on the other hand the molecule possesses a 
plane of symmetry, only three direct couplings are needed to describe the 
molecular order. If, therefore, a reasonable geometry for the molecule is 
used to compute iteratively the three elements of the order matrix^® (the 
5-valucs) from the four direct dipolar coupling constants, an acceptable 
fit (i.e,, within experimental errors of the dipolar coupling constants) 
between the observed and the ‘ best fit ’ computed dipolar coupling 
constants indicates that either H-CO*NH.C- lie on one plane, or a rapid 
inversion about the nitrogen atom introduces an ‘ effective * plane of 
symmetry as discussed below. 

To the best of our knowledge, the structural data on N-methyl 
formamidc docs not seem to have been reported. However, the microwave 
data on formamide are available*^* Of these, the more recent data^^ 
together with the HCH bond angle equal to 109*5® and C'-H and the N-C 
bond lengths equal to 1*10 A and 1‘468 A respectively given in structure I 
( hereafter referred to as data 1) have been used in the present calculations. 
A survey of the literature revealed that the data I differ from those 
conventionally used for the structure of the peptide unit^. These data 
(referred to as data II hereafter) given within parentheses in structure I 
were also used for the calculations in order to derive more reliable 
conclusions. Such a procedure gives an estimate of the errors arising 
out of the uncertainties in the structural data used. 

In the present work, we discuss the possibility of the molecule 
possessing a plane of symmetry. We consider the following two cases : 

Case 1. A rigid planar conformation for the fragment H»CO*HN*C; 
and 

Case 2. Two energetically equivalent rapidly inter-converting non- 
planar conformations. 

Case 1-A rigid planar conformation: In this case, the coupling 
constants Dm and Di^ are influenced by the mode of rotation of the 
methyl group about the N-C bond as in the toluenes*^* and the 
TT-methylcyclopcntadienyl manganese tricarbonyl complex*®. The equations 
relating the dipolar couplings, Dm and D^-^y with the molecular geometry 
and the 5-valucs arc similar to those reported earlier*®* and were 
introduced into the * SHAPE ’ programme*’ for the ‘ best fit * calculations, 
together with the equations for Dm and i>j 4 *^. The ‘ best fit ’ calculations 
for the iS-values were thus made using the fixed geometry '(data I and 
data II ). The following possibilities about the mode of rotation of the 
methyl group were considered : 
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(a) A hindered rotation in a ‘ 3-foId ’ potential such that one of the 
C-H bonds of the methyl group lies in the plane containing C', H ( 1 ), 
O and N. In this case, both the possibilities, /.e., ( 1 ) when the methyl 
C-H bond in the plane is pointing away from the N-H proton ( referred 
to as ‘staggered’ hereafter) or (2) it is towards the N-H proton ( referred 
to as ‘ eclipsed * hereafter ) were considered. 

(b) A hindered rotation in a ‘6-fold* potential such that one C-H 

bond of the methyl group is in the plane of symmetry as described above. 

This is equivalent to having both the ‘eclipsed’ and the ‘staggered’ con- 
figurations with equal probability. 

( c ) A free rotation of the methyl group. 

In all these calculations the methyl group itself was considered rigid 
and influences of all types of molecular vibrations on the dipolar couplings 
were neglected. Further, in the calculations, the trans-configuration of 
N-methyl formamide was assumed. Values of the ‘ best fit * parameters 
obtained using the ‘SHAPE’ programme arc given in table 2. Errors of 
the -S-values were estimated to be 0-0003 in each case using the errors of 

the observed D-va!ucs given m table 1. The ‘r.m.s. error ’ given in table 2 

is the ‘weighted root mean square error’ between the observed and the 
‘best fit’ calculated Z)-valiics using the modified ‘SHAPE’ programme, 
where all the coupling constants were given equal weights. 

It was found that there is no significant dilTcrencc between the 
‘6-fold’ and the ‘free rotation* cases and hence they arc included in the 
same column in table 2. 

Table 2 shows that the coupling constant Di-^ is the one which is most 
significantly influenced by the mode of rotation of the methyl group, for both 
the data sets used. It is also seen from the table that the magnitude of 
this coupling constant is larger than the observed value (table 1 ) for the 
‘eclipsed’ and smaller for the ‘staggered*. It is, therefore, logical to 
expect the values for the ‘6-fold* or ‘free rotation* cases ( which contain 
both the ‘3-fold* cases considered) to be closer to those observed. It is 
actually found to be so as seen from table 2. The r.m.s. error of about 
0.2 Hz for the ‘6-fold’ or the ‘free rotation’ cases using ‘data I* seems 
to support the assumption of the plane of symmetry in the molecules. 
Table 2 also shows that the data are strongly dependent upon the mode of 
rotation of the methyl group and the geometrical data used. The r.m.s. 
errors of 1.09, 1.41 and 2.05 Hz obtained for the ‘eclipsed’ and the 
* staggered ’ cases using * data I ’ and * staggered ’ case using ‘ data II * are 
certainly outside the experimental errors. Although the r.m.s. errors 
of 0.65 and 0.75 Hz obtained for ‘data II ’ are of about the same order of 
magnitude as the experimental errors of the observed coupling contants 
(table 1), the deviations in Di^ arc much larger and are outside the 
experimental errors. Consequently, in order to obtain a more direct and 
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^ Refers to the Cartesian coordinate system where the x and y axes lie in the plane of the symmetry with 
S^fahlds are calculated using a distance between the methyl protom equal to 1.78 x 10' '*m. 
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reliable information on the (C— N<^) fragment, more reliable geometri- 
cal data on N-methyl formamide should be available and the isotopically 
enriched and species should be studied. In the latter case besides, 
getting more direct coupling contants ( which make it possible to obtain 
some of the geometrical data ), it would be possible to derive the results 
independent of the mode of rotation of the methyl group. Work on these 
lines is in progress. 

The above calculations for the ‘ free rotation ’ case were also made 
assuming the ‘ cw ’ configuration (structure II) (obtained by a 180® 
rotation of the H(1)C'0 plane about C'-N bond) of the molecule. It was 
found that the r.m.s. error between the observed and the ‘ best-fit * 
calculated Z)-values is 49.03 Hz for ‘data 1 ’ and 54.72 Hz for ‘data 11*. 
The results, therefore, directly establish that the *trans' species are 
predominant in N-methyl formamide and the calculated spectrum corres- 
ponds to these. 

Case 2 — Two energetically equivalent rapidly interconverting non-planar 
conformations : A conformation of this type, where the molecular 

reorientation is slower than the rate of inter-conversion, also needs three 
5-values to describe the molecular order. Let us consider the two bent 
conformations with the N-H and N-C bonds which bend on the same 
side of the effective plane of symmetry and make an angle ± 0 with it ; 
the positive sign applies to one conformation and the negative to the other. 
In such a case, three 5-valucs and the angle 0 are to be determined 
from the four dipolar coupling constants. One, therefore, normally 
expects a ‘ perfect fit ’ between the observed and the * best fit ’ calculated 
dipolar coupling constants. It was actually found to be so for the 
various modes of rotation of the methyl group discussed in case 1 
except for the ‘ eclipsed ’ case, for which the ’ minimum r. m. s. error 
between the observed and the calculated dipolar couplings was obtained 
for the ‘planar’ structure (i.e., for 0 =s 0). The programme ‘SHAPE’ 
was suitably modified and adapted to IBM 360/44 computer to carry 
out these calculations. The resulting 5-values and the angles (0’s) 
are given in table 3 for the various possibilities considered except for the 
‘eclipsed’ case for which the values given in table 2 are valid. In this 
case also, no significant differences were observed for the ‘ free rotation ’ 
and the ‘ 6-fold ’ cases and hence the data for these are given in the same 
column in table 3. 

Table 3 shows that, for the two rapidly inter-converting bent confer, 
mations* of N-methyl formamide, the NMR results are in conformity 
provided ( 0 ) is less than 10®. The value of Q in fact varies from 3 to 
10® depending upon the assumed structural data and the mode of rotation 
of the methyl group. An error of about 5® is estimated for the value of 

0 given in table 2. 

• * 
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Table 3. ‘Best fit’ parameters for N-methyl formamide considering two 
rapidly inter-converting configurations as described in ‘case 2* in 
the text. 


Parameter 

Using ‘ data I ’ given in 
structure I 

Using ‘data II’ given within 
parentheses in structure I 

‘ staggered ’ 

‘ 6-fold ’ or 

‘ free rotation ’ 

‘ staggered * 

* 6-fold ’ or 

‘ free rotation ’ 

C A 

.0166 

.0155 

.0173 

.0160 

S„* 

.0265 

.0225 

.0304 

.0245 

s..* 

-.0431 

- .0380 

-.0477 

-.0405 

s.,‘ 

.0147 

.0177 

.0145 

.0185 

6 (in degrees) 8.3 

3.2 

10.2 

6.2 


•Refers to the Cartesian coordinate system where the axes x and y lie in the 
' effective ’ plane of symmetry (containing atoms C', H(l), O, N ). The x-axis is along 
the axis of rotation of the methyl group in a ‘rigid-planar* configuration as in case 1. 
The S-values are calculated using the scaling distance of 1.78 x 10 ''®ni between the 
protons of the methyl group. 


As pointed out earlier, for the ‘eclipsed’ form, an acceptable fit 
between the observed and the calculated dipolar couplings is obtained 
neither for the rigidly ‘ planar conformation ’ nor for the two * rapidly 
inter-converting bent conformations * when reasonable bond lengths and 
bond angles are used. These results indicate that the ‘ eclipsed ’ form 
alone may not be present in N-methyl formamide if the bond length and 
the bond angle data used arc correct. 

As mentioned earlier, more definite and reliable information on the 
conformation of N-methyl formamide is expected to be derived from the 
isotopically enriched ( and *’N ) species : the work on these lines is 
in progress. 
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•Recently, Hirota et al*^ have re-determined the structure of formamide with the 
help ^ of microwave spectroscopy. These data give a minimum r.m.s. error of 
0.09 Hz between the observed and the * best-fit * calculated /)-valucs for a planar 
structuretof the fragment H.CO.NH.C in N-methyl formamide; this ‘minimum * is 
, obtained for the ‘ free- rotation * of the methyl group about the N-C bond and using 
the HCH bond angle, the C-H and the N-C bond lengths equal to those for data I 
described in the text. 
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DISCUSSION 

Shtrma ; Have you verified results for formamide ? 

Khetrapal : No. The molecule formamide can be studied for obtaining 
such an information only if the coupling of at least one of the hetero- 
nuclei are observed. Such a study can be done either by taking the 
samples enriched in and/or or by the use of F.T.NMR. In 
absence of such facilities, this work has not been undertaken. However, 
Reeves and his group have studied the ‘^N-enriched formamide dis- 
solved in a lyotropic mesophase and they find a non-planar structure 
( Mol. Phy. 1973 ). 
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NMR spectra of bicyclic compounds oriented in the nematic phase 
Part III : The spectrum of benzo(b) thiophene 
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Abstract. From the PMR spectrum of benzo( b )thiophenc dissolved in a 
nematic solvent, the shape of the proton skeleton of the molecule is 
determined. The results are consistent with the molecule being planar. 
No significant distortions in the geometry of the benzene and the thio- 
phene rings are observed. Information on the molecular orientation is 
derived. It is found that the molecule orients in the nematic phase 
such that the largest positive S-valuc is along the longest molecular 
dimension. 


1. Introduction 

The compounds possessing the benzo( b )lhiophcne nucleus (figure 1 ) have 
found applications in the dye industry and arc known to possess insecti- 
cidal properties^ In spite of these applications, the structure of benzo- 
{b)thiophene molecule does not seem to have been reported. An easy 
and convenient procedure to obtain information on the molecular geometry 
is provided by NMR spectroscopy in nematic solvents as discussed earlier 
for some other bicyclic compounds^-"^ The benzo( b )thiophene molecule 
has a lower symmetry than the bicyclic compounds studied earlier, 
which possess two perpendicular planes of symmetry. There are fifteen 
different inter-proton dipolar coupling constants in benzo( b )thiophene 
compared to nine in the other bicyclic compounds. They provide directly 
information on the relative arrangement of protons and indirectly on the 
planarity of the carbon skeleton, in addition to the molecular order. A 
study of the spectra due to in addition, may provide direct informa- 
tion on the geometry of the carbon skeleton. In the present paper, the 
results obtained from the PMR spectrum of bcnzo( b )thiophenc without 
the satellites are reported. The satellites are not observed 

in the natural abundance of without sufficient spectral accumulations. 
It may also be mentioned that the results reported in the present paper 
do not take into account the ‘ vibrational effects * on the observed dipolar 
couplings. 
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Figure 1 The structure of benzo( b )thiophcne. Interporton distances given in the 
figure are in units of 10"*° m. 

* The scaling distance T^^ = 2.481 x 10-m ( assumed). 

2. Experimental 

A 12 mole per cent solution of locally available benzo( b )thiophene was 
prepared in 4-ethoxy~bcnzylidene-4-/i-butylaniline( a ). The solution ( in 
a 5mm NMR sample tube) was stored horizontally for a few days before 
recording the final spectrum ( figure 2 ) at 30°C on a Varian XL-100 
spectrometer. The spectrum was recorded in two parts with sweep widths 
of 2500 Hz and sweep times of 2500 s. The strongest line in one part 
served as the * lock-signal * while the other part was being recorded. The 
total spread was 3830 Hz and the average line width was 6 Hz. The mean 
statistical error in the measurement of line positions determined by 
repeated recordings was 1.2 Hz. The maximum deviation of any line 
position from the mean value was less than 3 Hz. 

3. Result and discussion 

3.1. Spectral analysis: Analysis of the spectrum was carried out itera- 
tively with the help of the LAOCOONOR^ programme on a CDC-3600 
computer. In the final analysis, only the chemical shifts ( Vi - vj) and 
the direct dipolar couplings (/)ij as defined in the LAOCOONOR pro- 
gramme) were iterated upon ; the indirect spin-spin couplings (Ji^) were 
given the same values as those obtained from the spectrum in the isotro- 
pic media’. Values of the derived parameters are given in table 1 along 
with those of the indirect coupling constants used. The root mean 
square error between the experimental and the calculated line positions 
was 1.1 Hz with a maximum deviation of 2.7 Hz for any line. All the 
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Table 1 Results of spectral analysis for bcnzo( b )thiophene oriented in 
the nematic phase of (a). Numbering of protons refers to 
figure 1 . 



Coupling constants 




ij 

■^.1 

( assumed ) 

j A j 

(experi- (calculated 

mental ) * best-fit ’ ) 

Parameter 

Value 

12 

5.45 

- 544.0 ± 0.9 

- 544.0 

Vl — V 6 

24.2 ± 0.9 Hz 
(48.96)* 

13 

0.84 

- 7.8 ±0.8 

- 7.4 

V 2 — V 6 

16.3 ± 0-7 Hz 
(40.38)* 

14 

- 0.12 

- 35.9 ± 0.7 

- 34.3 

V3 — V 6 

3.4 ± 1.4 Hz 
(-6.95)* 

15 

0.03 

- 106.4 ± 0.9 

- 106.4 

V 4 — V 6 

27.3 ± 1.4 Hz 
(47.16)* 

16 

- 0.29 

- 726.9 ± 0.2 

- 726-9 

Vj —V t 

20.1 ± 0.7 
(45.03)* 

23 

0.03 

- 55.9 ± 0.4 

- 55.8 


0-1324 

24 

0.50 

- 40.5 ± 0.5 

- 42.4 

s,rt 

-0.0028 

25 

0.02 

- 53.2 ± 0.1 

- 52.7 


- 0.0257 

26 

0.17 

- 120,4 ± 0.8 

- 120-0 

’’ill Us 

1.052 ± 0.01 

34 

8.13 

-926.4 ±0.1 

- 926.4 

fli 1 45 

2.055 ± 0.02 

35 

1.06 

- 74.8 ± 0.4 

- 74.9 

r\tlr 45 

1.136 ± 0.01 

36 

0.74 

3.5 ± 0.8 

3.5 

rit 1 r.s 

2-025 ± 0.02 

45 

7.14 

22.3 ±0.6 

22.4 

T54jr45 

1.000 ± 0.01 

46 

1.21 

- 14.4 ±0.8 

- 15.0 

r5t 1 r45 

2.017 ± 0.02 

56 

8.04 

- 603.4 ± 1.0 

-603.4 

r4t 1 r.s 

f5« 1 f45 

1.731»± 0.02 
1.010 ± 0-01 


t ra ^ 2.481 K ( assumed ). 1 A 10^^* m. 
* Values in the isotropic phased. 
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111 observed lines were assigned for the analysis. Errors of the para- 
meters given in table 1 arc the standard deviations obtained from the 
LACX^OONOR programme. Errors of the parameters were also estimated 
by changing the observed line positions by ± 1.2 Hz, the accuracy of 
measurement, in such a way that the position of each line deviated from 
its calculated value by the maximum possible amount. These values 
were then used to calculate the spectral parameters iteratively. The 
errors thus obtained ( i.e., the difference between the parameters obtained 
this way and those obtained using the measured line positions ) were found 
to be smaller than the standard deviations given by the LAOCOONOR 
programme and hence only the latter are given in table 1. The large 
errors arise from the fact that relatively large number of parameters are 
to be determined (15 dipolar couplings and 5 internal chemical shifts) 
from the experimental line positions. A similar situation has been 
encountered in the analysis of the spectrum in the isotropic medium‘s. 

3.2. Molecular geometry : If one assumes a plane of symmetry in the 
benzo( b )thiophene molecule, 3 independent parameters arc needed to 
define its orientation and 9 inter-proton distances suffice to describe the 
geometry of the proton skeleton. There are 15 different dipolar couplings 
and if one assumes a scaling distance, such a system is over determined 
by 4 coupling constants as far as the determination of the geometry of 
the proton skeleton and the molecular order from the inter-proton dipolar 
couplings is concerned. If self-consistent results arc obtained in the 
iterative calculations which compute the geometry and the degree of order 
using a ‘weighted least square fit’ method, the assumption about the 
plane of symmetry in the molecule is justified. The programme SHAPE* 
was used for such calculations. All the coupling constants were given 
equal weights. The direct couplings corresponding to the ‘best-fit * para- 
meters are included in table 1. The order parameters and the ratios of 
the HH distances are also included in the same table. 


Table 1 shows that some of the observed, and the ‘best-fit’ calculated 
dipolar couplings deviate beyond their experimental errors. A maximum 
deviation of 1.9 Hz is found for D24. Deviations of similar magnitudes 
have been observed in some other cases also’*^® and are attributed to 
several effects like the neglect of the influence of molecular vibrations 
and the solvent effects, in addition to experimental errors. The results 
can be considered as consistent with the assumption of a plane of 
symmetry in the molecule. In figure 1, various inter-proton distances 
determined assuming r^^ — 2.481 x 10“*® m are given in units of 10“*® m. 
• 

It is seen from table 1 and figure 1 that the geometry of the phenyl 
part does not deviate, beyond the experimental error, from the benzene 
ring geometry, unlike in the other rigid bicyclic molecules where signific- 
ant deviations have been detected in this part of the molecule^ **. 
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The distance rn between the protons of the thiophene ring in this 
case is found to be 2.61 x 10”*® m under the assumption of « 2.481 x 
10”*® m. It is very close to the corresponding value (2.64x 10”*® m) in 
thiophene*^. 

The results, therefore, indicate that there are no significant distor- 
tions in the geometry of the benzene and the thiophene rings in bcnzo 
( b )thiophene. 

3.3. Molecular orientation: For the purpose of obtaining the order para- 
meters, the Cartesian coordinate system was chosen such that the axes 
X and Y lie in the molecular plane with Y-axis being the line joining 
protons 4 and 5. The values of the order parameters given in the table 
obtained using the SHAPE programme were derived by assuming 
r 45 2.481 X 10”*® m. The largest positive S-value (5„) along the 

X-axis is in agreement with the fact that the largest 5-valuc corresponds 
to the largest molecular dimension. Similar results have been obtained 
for the other rigid bicyclic molecules studied earlier^* ^' **. 
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DISCUSSION 

Sharma : How can you derive r,-values from the observed Devalues? 

Khetrapal : For the calculation of the relative equilibrium geometry, one 
needs to apply the anharmonic and the harmonic vibrational corrections to 
the observed dipolar couplings. However, since the computation of the 
anharmonic terms in general is not practical, a suggestion has been made 
by Lucas to derive the ‘average structure’ from the direct dipolar coup- 
lings by taking into account only the ‘ harmonic corrections ’ ( Mole- 
cular Physics 1971 and 1972). 
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MICHIO SORAI, TERUO NAKAMURA and SYUZO SEKI 
Department of Chemistry, Faculty of Science, Osaka University, 

Toyonaka, Osaka 560, Japan 

Abstract. The thermal behavior of a series of anils ( N-p-alkoxyben- 
2 ylidene-p'-n-alkylanilines ) with low temperature mesomorphic ranges 
has been examined between -185 °C and 100 by differential thermal 
analysis. As a consequence, glassy states of smectic mesophase were 
established for the first time. Significant differences between the glassy 
smectic state and the glassy nematic or the glassy isotropic-liquid 
states have been indicated. Heat capacity measurements have also 
been made for N-p^-ethoxybcnzylidene-p'-butylaniline in the range 
from 14 to 375 K. An attempt has been made to interpret the meso- 
morphic transition from nematic to isotropic liquid in terms of critical 
phenomena. 


Introdaction 

From a thermodynamic point of view the study of liquid crystal is interesting 
in the sense that a cooperative phase transition can be realized even in a 
fluid state. Thermodynamic quantities such as heat capacity, enthalpy and 
entropy certainly provide useful information as to the energetic aspects 
inherent in a mesophase transition and are indispensable for comprehensive 
understanding of the relationship between the mesomorphic transition and 
the molecular dynamics. 

In comparison with abundant studies on liquids by thermal analyses, 
precise calorimetric investigations have been extremely scarce. This is 
partly due to the fact that most liquid crystals possess their mesomorphic 
ranges at rather high temperatures. Recent findings of new compounds 
with low-temperature mesomorphic ranges such as substituted benzyli- 
deneanilines (Schiff bases)*-®, stilbenes^, and tolanes* provide suitable 
subjects for precise calorimetric measurements. The heat capacity of 
MBBA ( N-p-methoxybenzylidene-p'-butylanilinc ), which is well known as 
a room-temperature nematic liquid crystal, has been measured by Mayer 
et aP and Shinoda et We have measured the heat capacity of 

OHMBBA^ which is an o-hydroxy analogue of MBBA, and found a 
glassy state of the nematic phase. As an extension of the previous study 
we* will report in this paper the heat capacity of N-/>-ethoxybcnzyIidcnc- 
/?'~butj^lanilinc (£BBA for short). An attempt will be made to interpret 
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the mesomorphic transition from nematic to isotropic liquid in terms of 
critical phenomena. 

In connection with our recent findings of glassy states in some liquid 
crystals* we will present further evidences for the existence of glassy 
liquid-crystalline states in simple Schiff bases with low temperature meso- 
morphic ranges. The glassy states were confirmed with differential thermal 
analysis. As a consequence, glassy smectic states were established for the 
first time in this study. As will be given below, significant differences 
were found between the glassy state of the smectic phase and that of the 
nematic or the isotropic liquid. 


Experimental 

Materials, We have studied the thermal properties of two series of 
benzylidencaniline compounds of the form 

where n = 1 (MBBA), n ■= 2 (EBBA), n - 4 (BOBUTA), n = 5 
(PENTOBUTA), n = 6 (HEXOBUTA) and n = 8 (OCTOBUTA), and 

where m ~ 4 (BOETHA) and m =- 6 (HEXOETHA). All compounds were 
prepared by condensation in refluxing ethanol of the respective p-n-alkoxy- 
benzaldehydes and the appropriate p-n-alkylaniline (Tokyo Kasei Kogyo 
Co., Ltd. and Wako Pure Chemical Industries, Ltd.). Crystalline products 
were purified by multiple rccrystallizaiion from ethanol or n-hexanc. 
Elemental analyses were satisfactory for all compounds. 

Identification of the mesophases for some compounds was made by 
using a polarizing microscope (Olympus Model TOS) epuipped with a 
hot-stage. However, characterization of the mesophases for the remaining 
compounds followed the results by Flannery and Haas^. 

Thermal Properties. 

The thermal behaviors of all materials were examined between - 185 •C and 
100 •C by differential thermal analysis (DTA)*^. The amount of specimen 
used for DTA was about 500 mg. 

Heat capacity of EBBA was measured with an adiabtaic calorimeter*^ 
between 14 and 375 K. The amount of specimen was about 18 g and a 
platinum resistance thermometer based on lPTS-68 scale \yas used. < 
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Thermal behaYior 

Typical results of DTA for the present materials arc represented in figures 
1-8, respectively. Prior to describing the detailed thermal behavior for 
particular specimens, we refer to the meaning of various abbreviations and 
procedures used in common through these figures. A crystalline state is 
denoted as a symbol “ C ”, while “Ci”, ”C 2 ”, are used to distin- 

guish different crystalline polymorphs. Smectic, nematic, and isotropic 
liquid phases arc shown by the symbols “ S ”, “ N ”, and “Iso’’ res- 

pectively. When there exist more than two, smectic mesophases, subscripts 
I, II, and III arc adopted according to the previous notations^. In each 
figure Run 1 shows a heating curve of a crystalline material up to its 
isotropic liquid at an average rate of 2*5 K min->. Run 2 in figures 1-7 
and run 3 in figure 8 correspond to the cooling curve of the isotropic 
liquid at a rate greater than -10 K min-^ The final run gives a heating 
curve at an average rate of 2.5 K min-> from the lowest temperature to 
an isotropic liquid. A melting peak and/or a peak due to crystallization 
in a cooling curve are shaded in order to distinguish them from the other 
ones. Melting point and glass transition temperature arc marked with 
Tm and Tg, respectively. 

MBBA : 

Since the first synthesis by Kclker and Scheurle’, this compound has 
been known as a room- temperature nematic liquid crystal having a 
relatively simple molecular structure and also as a sample on which 
various kinds of investigations have been made. Thermal behavior of 
this material, however, seems to be very sensitive to the existing impurities. 
The transition temperature from nematic to isotropic liquid, so far 
reported arc widely distributed: for example, 41 (polarizing micro- 
scope)', 39*5 °C (DTA)\ 43-85 ± 0-2 °C (heat capacity Cp ),9 and 
46-987 °C ( Cp )'°. We examined the effect of impurities upon the transition 
temperature by use of DTA. The specimen purified by vacuum distillation 
of a commercial product showed the mesophasc transition at >= 37-3° C, 
while further purifications by recrystallization two or three times from 
ethanol raised the T, to 43 °C and 44-5 °C, respectively. The endothermic 
peak due to the mesophase transition became sharper according to the 
degree of purification. On the other hand, the specimen freshly prepared 
and purified by recrystallization three times from ethanol exhibited the 
mesophase transition at 48 °C. 

Figure 1 shows the successive runs of DTA. When cooling was not 
rapid enough, partial crystallization from the supercooled nematic liquid 
was observed around -30 °C. However, when the cooling was faster than 
-10 K m^n-*, almost all the portion of the supercooled nematic phase 
brought about around -70 ®C a glassy state which is thermodynamically a 
non-equilibrium state. On heating, a typical glass transition phenomenon was 
obseiTcd at -72 °C, followed by an irreversible crystallization. This is 
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Figure 1 DTA curves of MBBA 


the second example in which the glassy state of nematic mesophase has 
been realized 


EBB A : As shown in figure 2, the nematic state was supercooled to 
20 ®C, but at this temperature it crystallized into a metastable crystalline 
form. The cooling rate of -500 K min"* was still not great enough to 
establish a glassy liquid-crystal. The result of heat-capacity measurements 
will be given in the next section. 

BOBUTA (sec figure 3); This compound melted at 14«5°C and 
exhibited three mesophases ( Sj,, S,, and N ). On cooling the smectic Su, 
a new phase was observed regardless of the cooling rate. Although its 
identification has not been made, it is very likely that this phase belongs 
to a metastable smectic state rather than a metastable crystal. Run 4 
gives a heating curve of this new phase. An endothermic anomaly similar 
to a glass transition was observed between -115 and -60 arid then a 
phase transition from the metastable-S to the S,, occurred at,6®C. This 
temperature just corresponds to the value previously reported as But 
this is not the normal melting point because the specimen well annealed 
below 6 ®C melted at 14*5 ®C. 












508 


Sorai, Nakamura and Seki 


PENTOBVTA (see figure 4); Unlike the previous result^, the present 
DTA curve showed merely two mesophases, namely S and N. The smectic 
phase was easily quenched to give a glassy state. A clear glass transition 
phenomenon was observed in a heating curve at -92 °C. 



Figure 4 DTA curves of PENTOBUTA 


HEXOBUTA (sec figure 5); Among the eight materials studied here, 
HEXOBUTA exhibited polymorphism with as many as four mesophases, 
i.e. Sill, Sji, Si, and N. The transition temperatures were approximately 
the same as those reported by Flannery and Haas\ although they failed to 
observe the melting point. The mesophase Sm was easily supercooled to 
about -60 and finally gave rise to a glassy state. The glass transition 
temperature was determined to be -93 *€. ' 

OCTOBUT A ( see figure 6 ) : This compound is of particular interest 
as it represents a rare example of smectic trimorphism without an accom- 
panying nematic phased. A glassy state of the smectic mesophase was 
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also established for OCTOBUTA (Tg -=-76°C). When cooling was not 
rapid enough, a partial crystallization occurred around — 30°C. 

BOETHA ( see figure 7 ) : Contrary to the previous work^, an extra 
mesophase S„ was found reproducibly in addition to the mesophases of 
S, and N. BOETHA was unique in the series studied, in that the smectic 
phase S„ was easily supercooled to -185 °C, but DTA curve showed no 
glass transition phenomenon. Although there still remains a possibility 
that the glass transition temperature may lie below — 185®C, it seems 
unlikely that only this compound has such a low Tg compared with other 
homologous series. Further experiments will be needed to make clear the 
thermal behavior of BOETHA. 

HEXOETHA ( see figure 8); Murase^ has reported only one mesophase, 
i.e. nematic, but the present results evidently demonstrated the existence 



Figvre 7 DTA curves of DOBTHA 
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of an additional smectic phase as well as a solid-solid transition at 14 ®C. 
When cooling was faster than - 10 K min->, the smectic phase was super- 
cooled and a glassy smectic state was obtained. In a rapid cooling 
process, however, a small exothermic peak was observed around -10°C, 
This thorn-like peak should not be regarded as a partial crystallization 
because the peak area did not depend on the cooling rate. On the other 
hand, the glassy smectic state was transformed into the supercooled 
smectic phase through a glass transition phenomenon at -89°C, followed 
by a crystallization to a mctastable crystalline form C 4 around -20°C. 
A phase transition from the C 4 to another metastablc crystalline form C 3 
took place at 25 °C and the latter melted at 35 which was 6 K lower 
than the normal Tm. 

The glass transition temperatures and the mesomorphic transitions for 
all compounds are summarized in table 1 . 



Figore 8 DTA curves of HEXOETHA 
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Values in ( ), [ ] and < > from references 1, 3 and 4 respectively. 
Mcsophasc transition at 6 °C in metastable state. 

Solid-solid transition at 14 ‘^C. 
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Heat capacity 

The results of heat capacity measurements on EBBA are plotted in figure 9. 
The concentration of impurities involved in the calorimetric sample was 
dcteimincd to be 0-25 mole % from the melting-point depression. The 
melting point was 305-62 K, and the enthalpy and the entropy of 
fusion were 27-09 kj moH and 88*71 J K"* mol"*, respectively. The 
tempeiaturc of transition, Tq, from nematic to isotropic liquid was 349-08 K, 
and the enthalpy and the entropy changes due to this mesomorphic 
transition were 1-553 kJ moh* and 4*524 J K"* mob*, respectively. 


As was in the case of OHMBBA^*, the present mesophase transition 
vvas characterized by a considerable pretransition effect. This effect is 
obviOLiOy leflectcd in a large tail of the heat-capacity curve below Tq. The 
excess heat capacity arising from this mesomorphic transition, C (excess), 
was varied with the crilical-point exponents and a for « ( ^ | J-J, | / 
T, ), when r-^7'± 0, by 

C (excess) ^ t-®' for T < Tq 

and 


C ( excess ) c”* for T > Tq, 



Flgvre 9 Heat capacity of EBBA 
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The values of both and a were 0-7 in the temperature region 
10^ < « < This fact implies that the present mesomorphic transition 

may be described in terms of a second-order phase transition, though the 
numerical value of 0.7 seems to be rather large compared with the usual 
values obtained for typical critical phenomena such as the gas-liquid or 
the ferromagnetic critical phenomena. 

Discussion 

The main aim of this work was to examine the existence of glassy state 
in some liquid crystals with low temperature mesomorphic ranges. In this 
regard, we could successfully realize the glassy liquid-crystalline states for 
six materials. In particular, the glassy states of smcctic states were esta- 
blished for the first time m the present investigation. We have already 
reported the new findings of the glassy states for the melastable cholesteric 
phase in cholesteryl hydrogen phthalatc^^ and foi the stable nematic phase 
in OHMBBA Now that the glassy smectic states were realized in 

this study, all kinds of glassy states for smectic, nematic, and cholesteric 
mesophases have been proved to exist. 

C„H2„.,0-<Q>-CH=N-<P>- C 4 H, 


MBBA (n » I ) 
( Nemaiic ) 


BOBUTA (r> 
(Smecfic) 


PENTOBUTA(n--5) 
(Smectic ) 


HEX0BUTA(n«6) 

(Smecfjc) 

•>■0 , , , *0 

I » I I 

OCTOBUTA(n»ei 
(S»Tt«clic) 




-(00 ^ -so 



Figqfe 10 DTA curves around Tg'of N-/^-alkoxybenzylidcnc-/^'-butylaDilinc8 
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From a thermodynamic standpoint, a glassy state is, in general, identi- 
fied by the following three criteria: (i) existence of a glass transition tem- 
perature Fg, ( ii ) enthalpy relaxation phenomena around Tg, and ( iii ) finite 
value of a residual entropy at absolute zero. Since we have not measured 
the low-temperature heat capacity of the present glass-forming materials, 
only the criteria (i) and ( li ) may be applicable to the present systems. 
One of the most characteristic features concerning the glassy smectic state 
was that the glass transition effect occured in a rather wide temperature 
region compared with those for the glassy nematic and the glassy isotropic 
liquid states. This situaton is illustrated in figures 10 and 11 where four 
kinds of OHMBBA-homologues** are also shown for comparison. The 
glass transition phenomena for the present smectic glasses occured over a 
wide interval of 30 -- 60 K, while those for the glassy nematic and the 
glassy liquid appeared in a narrow interval of 10 15 K. This fact 
implies that in a glassy smectic state the relaxation time of molecular 
motions cannot be described by a single value. 



Fignrt 11 DTA curves around of N-alkoxynydroxybcnzylidene-^f^butylanilincs 



Thermal studies of benzylideneaniline liquid crystals 


517 


It is interesting to note that a smectic state seems to be easily 
quenched compared with a nematic state, although the short-range mole- 
cular order in a crystalline state is believed to be conserved more closely 
in a smectic phase than in a nematic phase. 

Finally, it should be emphasized that the glassy state of pure sub- 
stances should be distinguished strictly from the supercooled liquid state 
in the sense that the latter is a metastable equilibrium phase while the 
former is a non-equilibrium one and not restricted to liquid state of 
matter. It has been widely recognized that a glassy state may be of quite 
wide occurrence in condensed matter, and that the concept of glass 
transition may be understood in terms of a relaxational effect depending 
on the particular degrees of freedom in a condensed state. In fact, such 
transitions may be encountered even in crystalline materials having plastic 
phases * 6 . * 7 ^ and some crystals with hydrogen-bond networks 18-20 Rare 
examples, in which multiple glass-transition phenomena were found in a 
single compound, have also been reported-*. 

Molecular crystals with plastic phases consist of spherical molecules 
and may be looked upon as isotropic crystals with disordered molecular 
orientation, while liquid crystals, which consist of elongated and recti- 
linear molecules, are regarded as anisotropic liquids having a tendency 
towards ordered orientation. Moreover, both the pjastic and the liquid- 
crystalline phases belong to an intermediate state between a typical crystal 
and an isotropic liquid. In these respects, it will be interesting to 
compare the glassy state of liquid crystal with that of plastic crystal. 
Quantitative discussions will be made after precise heat capacity measure- 
ments at low temperatures. 
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DISCUSSION 

Janik : You interpret your DTA data as an evidence of a glassy state in 
MBHA. Wc published three papers on MBBA, which we however inter- 
pret as an evidence of two crystalline modifications, a metastable and a 
stable one. The first paper [Phys. Lett. 41A, 102, ( 1972)] concerns 
calorimetric data. Figure 1 presents them. As it may be seen, both solid 
modifications detected in calorimetry have sharp melting points, which is 
not supporting your glassy state interpretation. 
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Figore 1 
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The second paper [Acta. Phys. Polon. ( 1973 ) 483] gives the IR evidence 
of the two modifications. Figure 2 shows the results: (a) corresponds 
to nematic MBBA, (b) corresponds to the mestable modification of 87 K, 
( c ) the same at 263 K, ( d ) corresponds to stable modification of 83 K, 
( e ) the same at 263 K. 

The third paper ( Mol. Cryst. Liquid Cryst. to be published ) gives the far 
IR results. Figure in p. 520 shows (top) the FIR spectrum of the stable 
mod ficaiion and (bottom) the same of the mestable one. The IR and 
FIR spectia are chaiaclerislic of a crystalline substance. 



Figve 2 
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Bulkin : I have the following comment : I do not see that you have 
presented convincing evidence for a glassy liquid crystal. There is ther- 
modynamic evidence but no optical evidence. It appears to me that your 
results could be expressed by two solid forms, having different specific 
heats and a small A*^ of transition between them. As Dr. Janik has 
shown in his far infrared spectra of the two forms, both have well defined 
lattice vibrations. If one was a glassy state, it would be expected to have 
a much broader spectrum in this region. 

Sorai: I cannot agree to the first half of your comment. First of all, 
the concept of glassy state in itself can be identified only from thermody- 
namic point of view. Although optical and/or structural methods are 
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useful to obtain auxiliary evidence, they fail to distinguish between the 
glassy and the supercooled stales. In the case of OHMBBA, we have 
succeeded in finding (i) a glass transition temperature, Jg, ( ii ) enthalpy 
relaxation effect around and ( iii ) existence of residual entropy at zero 
Kelvin. In the case of MBBA, the first two criteria are fulfilled by 
differential thermal analysis. Therefore, I have no doubt that the glassy 
states were established for these two substances. Further evidence is that 
the present glassy stale was realized by super-cooling respective nematic 
phases without crystallization. In this regard, the state obtained here can 
be regarded as glassy liquid crystal. 

Secondly, I should point out that you and Dr. Janik arc misunder- 
standing our experimental result. Dr. Janik et a! have measured the heat 
capacities of the stable and the mcstable crystalline phases of MBBA 
obtained after crystallization. Accordingly, Dr. Janik's experiments are 
concerned with two crystalline forms, while ours are the stable crystalline 
form and the glassy liquid crystal. 
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The role of liquid crystals in the organization of living systems 


E J AMBROSE 

Chester Beatty Research Institute, London SW3 6JB, England 

Abstract. Recent work has shown that aclinomycin filaments arc found 
in a large number of different cell types. In striated muscle they 
exhibit a 3 -dimensional order; this is reduced to a 2 -dimensional 
order in smooth muscle and to tactoid forms resembling nematic 
liquid crystals in amoebae, slime moulds and mammalian fibroblast 
and other cells. 

Factors controlling the liquid crystalline states of these filaments 
in biological systems and their biological interaction will be described. 


Introduction 

Although physical chemists and biologists have long recognized the 
relevance of phenomena studied in liquid crystals to an understanding 
of living systems, the experimental investigations have presented great 
difficulties. Biological systems are multicomponent and contain numerous 
types of macromoleculcs, inorganic ions, etc. In addition, any distur- 
bance of the living system for experimental purposes may cause 
irreversible damage and it is the labile systems which are in fact of 
most interest from the point of view of liquid crystalline properties. 
Nevertheless, progress has been made and there is an increasing awareness 
amongst biologists of the need for such investigations, if the nature of 
life is eventually to be understood. 

One of the first demonstrations of liquid crystalline phenomena in a 
well characterised biolog cal system was made by Bernal and Faukuchen* 
who used x-ray diffraction to investigate solutions of tobacco mosaic 
virus. Rod-like particles of 152 A diameter and 3000 A in length occur 
which associate in parallel alignment in aqueous solution, giving rise to 
a characteristic diffraction pattern. The rods themselves are formed by 
the linear aggregation of the corpuscular virus particles. This system 
illustrates clearly three of the rather general characteristics of a number 
of proteins and nucleoproteins which exhibit partially ordered structures 

resembling nematic liquid crystals : 

• 

1. The great length of the particles in comparison with the size of the 

organic molecules which form liquid crystals. 

2. Generation of these rod-like structures by linear aggregation of 

•spherical units sometimes to form helices or superhelices. 
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3. Parallel alignment of the elongated particles as in nematic liquid 
crystals, e g., structures of this type occur in cellular cytoplasm. 

The other main field of investigation at the cell level has long been 
cell membranes. Since the early work on soap solutions, it has been 
realised that lipid molecules with polar end groups such as soap mole- 
cules and phospholipids are capable of stabilizing shect-like structures of 
the type found in cellular membranes. Advances in this field have come 
from work with model systems notably by Luzatti- and by direct investi- 
gations of the natural membranes^ particularly by optical microscopy and 
x-ray diffraction techniques, which do not disturb the structure during 
observation. Fortunately, fixation of some liquid crystalline solutions 
leads to the stabilization of certain forms related to the structure in 
solution. If used with caution, electron microscopy can therefore be of 
value in the study of liquid crystalline phenomena in cellular systems, 
particularly when the structural units are of large dimensions. 

Partly from such studies it is now generally agreed that the basic 
structure of cell membranes depends on the stability of the phospholipid 
bilayer, in which the molecules lie with the polar groups facing the 
aqueous phase and the paraffin chains lie within the inner lipid layer, 
and are coated with an outer layer of protein. This model for the plasma 
membrane was proposed by Daniclli^. In this case the structure resembles 
a smectic liquid crystal. 

In so far as cellular secretions and tissue structures are concerned, 
liquid crystalline properties play an interesting role. Most of these 
structures are formed from solutions of proteins, glycoproteins or poly- 
saccharides in which order is first established. Increasing concentration 
within the solution, followed by drying processes in many cases leads to 
the formation of a gel and later a solid state, in which the arrangement 
of molecules is closely related to that initially established in the liquid 
crystal. Cholesteric liquid crystals play an important role in this case 
as demonstrated, for example, in the work of Robinson^ on solutions of 
synthetic polypeptides and the insect cuticle. 

We will now consider in more detail the role of nematic, smectic and 
cholesteric liquid crystals in particular examples in biology. 


Nematic liquid crystals 

There are two classes of fibres observed in the cytoplasm of a large 
proportion of both plant and animal cells. These are the mic-ofilaments 
and microtubules. Microfilaments are mainly of two diameters, 60 A ^nd 
100 A- Microtubules are hollow filaments 270 A in diameter, extremely 
uniform and of high rigidity. 
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(a) Microfilaments 

60 A microfilaments are found just beneath plasma membrane in many 
types of mammalian cells such as fibroblasts, macrophages, etc.^. For 
example, in plate la is shown the appearance of a cell in the stereoscan 
microscope after removing the plasma membrane by etching the surface 
after ionic bombardment ( ion etching )^. These sub-surface filaments are 
seen to be highly oriented in sheets and lie parallel to the surface. In 
some cases the filaments may be aggregated into cylindrical bundles as 
shown in plate Ib. The 60 A microfilamcnts are almost identical in 
chemical constitution to the actin filaments found in smooth muscle ; a 
progressive increase in the degree of order existing within these assemblies 
of filaments can in fact be observed as one passes from the general sub- 
surface forms present in most tissue cells, as illustrated in plate la and 
Ib, to contractile cells such as smooth muscle (figure Ic) and finally to 
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Figare 1 Microfilamcnts in cells, (a) Sub-surface microfilamcnts. Lamellar form 
•G. Globular sub-units. ( b ) Sub-surface microfilamcnts. Aggregated bun- 
dles. C| Actin (A) and Myosin (B) filaments in smooth muscle (rest- 
ing); c. The same after contraction; dj Actin (A) and Myosin (B ) 
filaments in striated muscle (resting) ; d| The same after contraction. 
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striated muscle, as shown in figure Id. The 60 A actin filaments are in 
all cases associated in some way with myosin molecules and the actino- 
myosin complex so formed provides a contractile system able to convert 
the chemical energy stored in adenosine triphosphate (ATP) into mecha- 
nical work. The myosin molecules in striated muscle are organized as 
shown in figure Id and are able to slide between the actin filaments 
during contraction according to Huxley’s model for muscular contraction'^. 
The arrangement of myosin in smooth muscle is similar, but the three- 
dimensional order is reduced, fibres being staggered along the fibre axis 
as shown. Within the sub-surface microfilaments occurring in other cells 
the location of the myosin molecules has not yet been determined. The 
less regular arrangement of the filaments in these cell types do not neces- 
sarily represent more primitive and undifferentiated cell types. Each 
system has an important biological role in which the liquid crystalline 
slate plays an important role, the surfaces of cells are highly 

dynamic systems in which pseudopodial formation and wave-like move- 
ments to provide locomotion, establishment and breaking of interccllulai 
contacts, all fulfil major functions during the development and stabilisa- 
tion of organisms. The sub-surface structures shown in figure la and lb 
are able to provide a contractile system capable of generating movements 
within a liquid crystal, so that the surface is in a state of flux. Orien- 
tation and disorientation of filaments occurs together with gel-sol-gel 
transformations in quick succession. An even more labile situation may 
exist when the individual filaments disaggregate into their constituent 
globular units of about 60 A diameter and then reaggregate. Clearly, the 
degree of orientation within this system will depend upon filament length, 
i.e,, on the degree of aggregation, and on filament concentration ; a third 
factor that is of importance is the shape of the enveloping plasma mem- 
brane. A flat lamcllum, as shown in figure 2a will, for example, produce 
sheets of filaments as shown also in plate la, whereas a cylinder as shown 
in figure 2b will be stabilized to a high degree of linear orientation in 
the form of a sheath of sub-surface filaments. The spreading fan-like 
membrane, as seen on the leading edge of many cells, figure 2c, will 
produce disorientation of microfilaments (plate Ic & Id). These are 
known as network filaments. Such a system may well be self-perpetuating 
leading to the maintenance of a highly turbulent and actively moving 
region of the cell, as is, in fact, to be found in the case of time lapse 
filming of living cells. 

Smooth muscle cells have a very different biological role. They are 
contractile cells, closely adhering to other cells and tendons. They con- 
tract extremely slowly in some cases being called upon to maintain a 
state of tension for long periods, e.g., for periods of hours or days as in 
the case of Mytilus muscle. The microfilaments exhibit secondary order 
as shown in figure Ic. This permits a regular contractile mechanism 
involving the sliding of both actin and myosin molecules relative to each 
other but with much greater possibilities for maintaining tension due to 
the staggering of the elements, than can be achieved with f^mooth muscle 
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Figure 2 Control of sub-surface microfilaments by the enveloping plasma membrane. 

(a) lamellar form; (b) cylindrical form; (c) spreading fan-like 
membrane. P-Plan, Se- Section, MF-Microfil, N-Network. 


and for maintaining tension at different muscle lengths. The three- 
dimensional smectic liquid crystal of striated muscle, on the other hand, 
leads to the generation of rapid and highly coordinated contractions, 
which reach their extreme form in insect flight muscle. In this case 
sliding occurs between actin and myosin filaments, but not between the 
actin filaments. Tension increases progressively with contraction. 


( b ) Microtubules 

Microtubules are also formed from globular elements which aggregate in 
spiral filament form to generate hollow tubes as shown in figure 3a. 
They are comparatively rigid structures and almost invariably are seen as 
unbending rods in electron microscope sections. They can truly be called 
the components of the cellular cytoskeleton. Unlike the micro-filaments 
they are generated and broken down comparatively slowly, generally 
originating from an aggregation centre such as the centriole, which lies 
in the cytoplasm near the nuclear membrane. Certain drugs such as 
c^cemid and vinblastine react specifically on microtubules and cause them 
lo*disaggregate without producing other cellular damage. In figure 3ci 
and 3 c 2 is shown the effect of colcemid on glial cells. The elongated 
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form is lost due to breakdown of microtubules after treatment with col- 
cemid. Melanocytes and melanoma cells behave similarly, but cell 
locomotion is not interrupted, cell surface movements continue, due to 


the integrity of the sub-surface microfilaments. An extreme development 
of cytoplasmic microtubules is shown by Heliozoa, organisms much 
studied by Porter® on the electron microscope. These organisms exhibit 
numerous spikes ( axopods ) as shown in figure 3b. These axopods are 
packed with microtubules, arranged in highly regular crystalline arrays. 



Figire 3 Control of cell shape by microtubules and microfibrils. ( a ) sub-units 
and assembly of microtubules; (b) microtubules in axopodia of Hclio- 
Koa ; (c) I. Shape of glial cell elongated form maintained by micro, 
tubules ; 2. The same after treatment with colcemid ; ( d ) Meet of 

cytochalasin B on glial cell. 
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Such structures are also capable of generating internal cytoplasmic move- 
ments as has been clearly shown by Porter*. In fact, microtubules form 
the main structure of the spindle during mitosis ; the centromeres 
attached to chromosome fibres carry the chromosomes to the daughter 
poles along the microtubules. This type of movement within the cyto- 
plasm is quite distinct from the sub-surface movements generated by 
microfilaments and is comparatively slow. Microfilaments, on the other 
hand, are sensitive to the drug cytochalasin B which reversibly disrupts 
the organisation of microfilaments without affecting microtubule organi- 
sation. Figure 3d illustrates the effect of such treatment with cytocha- 
lasin 5 on a glial cell. The highly oriented processes maintained by 
microtubules are not disturbed by cytochalasin B, whereas the growth 
cone on region of ruffled membranes ceases to function due to disruption 
of microfilaments ; cellular locomotion therefore ceases. 

Recent studies of microfilaments and microtubules in cells have led 
tP a much clearer understanding of the molecular basis for cell shape 
and morphogenesis at the cell level. Cell shape can be studied most 
conveniently in monolayer tissue culture; eg., table 1 and in figure 5 

are summarized the characteristic shapes of a few of the cell types found 

in mammalian tissues including man. 

These shapes represent steady states. They are the shapes to which 
the cell will revert after a minor disturbance. The stability of all living 
cells requires a constant supply of energy even for the cells in a steady 

state. If this energy supply is cut off, the cell will die rapidly. Various 

ionic and other gradients must be maintained at the cell membrane by 
pumping mechanisms. In addition to the steady states described above 
transient disturbances are generated continuously at the surfaces of living 
mammalian cells. These can take the form of curve-like motions ( ruffled 
membranes) (plate Ic and Id) generation of microvillae (plate 11a), 
etc. At first sight, an analysis of disturbances of this kind would appear 
to be extremely difficult. A mathematical theory which is of general 
application to all disturbances arising from a shock wave has been 
developed by Ren^ Thom and is relevant to all types of physical and 
biological systems. The theory has been applied to the problem of 
disturbances at cell surfaces by Ambrose^. The general conclusions arc 
summarised in figure 4. Only five general types of disturbance or cata- 
strophy can be generated at cell surfaces ; these arc the fold, the cusp, 
the wave and the crest, the hair and the jet ( as shown in figure 4 ). 
All of these can in fact be observed in stcreoscan electron micrographs 
of cell surfaces and in time lapse films of living cells as shown in plates 
I and IF. The shock waves responsible for the generation of these trans- 
ient shapes changes in cells arise in the main from the sudden local 
p^lease of energy which generates a shock wave, presumably due to con- 
traction of microfilament assemblies. They persist for a time and the 
cell surface thc^ reverts to one of the steady states shown in figure 5. 
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Figure 4 Ordinary calastrophies after Rcn6 Thom, arrow indicates the direction of 
propagation of the shock wave which generates the catastrophy. ( a ) The 
fold, (b) The cusp - 1. single cusp; 2. two cusps forming a trough; 
3. star shaped group due to pressure on a rigid sheet, (c) The crest 
( of a wave ) and the arch, ( d ) The hair. ( e ) The jet - J. early stage ; 
2. middle stage ; 3. late stage. 

Table 1 


Cell type 


Properties of cell surface and microfilaments 


Fibroblast 

(Fan-like lamellar form) 
Fibroblast (Spindle form) 

Epithelial ceil 

Lymphocyte 


High cell substrate adhesion. 

Sheet-like microfilaments. 

Linear groups of microtubules. 

Cell substrate adhesion mainly at leading edge. 
Microfilament sheath. 

Ordered microtubules. 

Very high cell substrate adhesion. 

Less ordering of microfilaments. 

Few microtubules. 

Highly labile cell surface leading to dancing 
motion on substrate. 

Few microtubules. 
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Figure 5 Changes in cell shape in malignant cells. ( a ) normal fibroblast in culture 
N - nucleus, T - microtubules, MF - microfilaments, R - ruffled membranes 
(b) tumour cell derived from fibroblast (sarcoma cell) of organization 
of microtubules and microfilaments P-polypodial formation, R - ruffled 
membranes (c) normal epithelial cell in culture N - nucleus, R - ruffled 
membrane (d) tumour cell derived from epithelium N - nucleus, P- poly- 
podia (e) normal glial cell in culture (connective tissue cell of brain ) 
T - microtubules, MF - microfilaments, R- ruffled membranes (f) mal- 
ignant glial cell T - MF - disturbed microtubules and microfibrils (g) highly 
anaplastic and dedifferentiated tumour cell. 


(c) Smectic liquid crystals 

The lipid bi layer formed by phospholipid molecules has long been 
recognized as forming the basis for the structure of cell membranes’. 
The multilayer type of smectic liquid crystal is well seen in nerve myelin. 
What has been a puzzle for a great many years has been the problem of 
explaini^ig how the protein and glycoprotein molecules, which constitute 
40-50% of* the membrane, can be fitted into the bi layer model. Beautiful 
/? 5 cze-ctching work of Benedetti and Emmclot*® and others has thrown 
light on this problem and a model recently proposed by Singer and 
Nicholson** the data extremely well. According to this model there 
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arc integral molecules (I) of globular proteins and glycoproteins which 
lie within the lipid bilayer as shown in figure 6. Some of these mole- 
cules penetrate from outside of the membranes to the inside ; they may 
carry pores for ion transport, etc. Others only partially penetrate the 
membrane. In addition peripheral proteins (P) lie loosely attached to 
the outer surface. These are generally glycoproteins, particularly sialo- 
mucoproteins. The important point about the Singer and Nicholson 
model is that it exhibits liquid crystalline properties. The lipid bilayer 
is a fluid in which the integral proteins are free to move. This has been 
clearly shown to be the case by de Peters and Raft*2, e.g,, in the capping 
phenomenon in lymphocytes in which surface antigens can be shown by 
fluorescent labelling methods to migrate under certain conditions to form 
a cap near the urodcle of the lymphocyte. According to present evidence 
this modified smectic liquid crystal provides an excellent model for 
cellular membranes, particularly for the plasma membrane. 


( d ) Cholesteric liquid crystals 

The main interest in cholesteric liquid crystals in biology centres round 
the study of cellular secretions. In this case one is generally concerned 
with reasonably homogeneous material and the interpretation in terms of 
liquid crystalline behaviour becomes more straightforward. The beautiful 
work of Robinson^ on the cholesteric liquid crystals found in solutions 
of synthetic polypeptides was extended later to the study of the insect 
cuticle'^ Observations of beetle chitin in polarised light revealed as 
cholesteric structure remarkably similar to that seen in the solutions of 
synthetic polypeptides. 
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Figvro 6 Model for plasma membrane (Singer and Nicolson*) (a) phospholipior 
bilayer ( b ) integral proteins ( I ) within the bilayer ; outer coat of sialo- 
mucoproteins (negatively charged). 
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Another system which may be of interest but which has not yet been 
fully investigated from this point of view is the formation of the plant 
cell wall. In this case cellulose fibres are produced by both longitudinal 
polymerisation and by lateral aggregation. Unlike a cholesteric liquid 
crystal the fibres are deposited in layers in which the fibres lie parallel 
to each other but with a rotation through a large and constant angle 
with reference to the previous layer. 


( c ) Liquid crystals in cancer cells 

The phenomena described above have proved to a surprising extent to be 
relevant to an understanding of the characteristics of cancer cells at the 
molecular level. Cancer is in the main a reversion to a more primitive 
and less differentiated function than that of the normal tissues from 
which It. is derived. It has been clearly shown by ion etching experiments 
with human brain tumours and with other cells®-*^ that the malignant 
change is associated with a disturbance of the organisation of sub-surface 
microfilaments. The decrease in organisation of sub-surface microfilaments 
in cancer is correlated with a loss of ability to generate the fan-like 
lamellipodium characteristic of normal cells, and the uniformity of ruffled 
membrane activity is reduced. The surface of the malignant cell becomes 
highly irregular in its movements, producing many blebs and sp key 
pseudopodia of non-uniform size (polypodia), unlike the microvillae of 
, constant size in normal cells. These arc illustrated in figure 5. Studies 
of the behaviour of normal cells and malignant cells in their interactions 
with intact living tissues using a new time lapse filming technique in 
3-dimensions^^ have shown that these changes in cell surface movements 
in malignancy may be important in permitting the tumour cells to 
achieve a point of anchorage between normal epithelial cells. The uni- 
form ruffled membrane of the non-malignant cells on the other hand 
causes them to glide on epithelial and other surfaces within achieving 
permanent anchorage. This anchorage phenomenon plays a major role in 
the most dangerous aspect of cancer, the invasion and spread of the cells 
into normal tissues. 

Changes in the plasma membrane itself which may be connected with 
liquid crystalline phenomena have recently come to light. Some of the 
integral proteins shown in figure 6b carry receptor sites for plant agglu- 
tinins and specific cellular centigens. In cancer, these receptors migrate 
within the plane of the membrane to form clusters. The tumour cells 
are therefore more readily aggregated by these lectin molecules ( wheat 
germ agglutinin and concanavalin A). The liquid crystalline properties 
of the lipid bilayer must permit such migrations of protein molecules 
within the plane of the membrane. The increase in cholesterol content 
tefund in tumour cell membranes could possibly play some role in this 
behaviour. 
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General conclusions 

Molecular biology has led to great advances in our understanding of the 
genetic code, protein synthesis and cell growth generally. But there are 
certain important questions which the biologist must ask and which are 
outside the thinking of the molecular biologist, e.g., what is the function 
of a given organ in relation to the life of the organism as a whole ? 
How has this organ been designed ? These problems have been discussed 
in an excellent CIBA foundation Symposium on ‘Principles of Biomole- 
cular Organisation**^. 

The word ‘design * is used in some papers of this CIBA Symposium. 
We do not need to consider the philosophical implications of this word 
in this paper but rather the usage of the engineer. We ask the question : 
‘What is the structure and inter-relation of the parts of a given organ 
which enable it to function for the benefit of the organism as a whole?* 
Ultimately such developments in the embryo are under genetic control. 
But thinking in terms of the biochemistry of the genetic code, synthesis 
of nucleic acids, proteins, actin microfi laments, phospholipids, polysac- 
charides, etc., tells us very little. The building units of life are remark- 
ably similar from bacteria to man. This is where the study of liquid 
crystals becomes important ; these studies show that the long range order 
in the supcrmolecular structure of liquid crystals can be controlled 
extremely accurately by simple physico-chemical parameters such as : 

1. Concentration of macromolecules 

2. Relative proportions of the components 

3. The ionic environment, particularly by bivalent cations such as 

calcium and magnesium. 

Part of the genetic code may be involved during development in the 
regulation of such parameters in space and time and hence to the eventual 
control of the development of the highly complex structures found in the 
organisms of higher organisms. So far this field of investigation has 
hardly been explored, but it might be a fruitful field for future work. 

It is a particular pleasure for me to take part in this Conference in 
Bangalore, organised so well by Professor Chandrasekhar. My first interest 
in the study of living cells came from collaboration with Dr A R Gopal 
Ayengar, who comes from Bangalore and became Director of the Bio- 
medical Group, Bhabha Atomic Research Centre, Trombay. He is an 
excellent cytologist whom I met when I was working as a molecular 
biologist interested in protein structure ; we collaborated in London at 
the Chester Beatty Research Institute to study the liquid crystalline 
properties of the nucleoprotein of chromosomes in living cells, and were 
able to show that chromosomes exhibited long range order which could* 
be modified reversibly by changing the ionic environment'^. 
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DISCUSSION 

Rustichelli : Could you comment on the contribution the neutron and 
x-ray diffraction can give in the study of microfilaments and liquid crys- 
tals involved in biological materials? 

Ambrose : It is usual to employ these methods. The x-ray diffraction and 
electron diffraction studies can be carried out in parallel in the case of * 
muscles, etc. But when we come to cells that I have been talking about 
the amount is so small that it is extremely difficult. These are really well 
defined chemical entities and many people have been isolating these mate- 
rials, so that a great deal could be done on the liquid crystal properties 
using x-ray diffraction. 
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Lyotropic liquid crystals and foam stability 
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Abstract. The influence of different association conditions of surfact- 
ants on the stability of foams was demonstrated by determination of 
the stability of foams formed from different liquid and liquid crystal- 
line phases in the system water, hexadecyltnmethylammonium bromide 
(CTAB) and hexanol. 

The results showed that the presence of the aqueous phase was neces- 
sary for the stability of the foam and that the liquid crystalline phase 
displayed an influence in enhancing the stability only when combined 
with the aqueous isotropic phase. The alcoholic phase had a detri- 
mental effect on the stability. 

The interpretation of the results led to a simple explanation of the 
fact that certain substances, e.g., alcohols of medium chain length, 
may serve both as foam stabilizers and breakers. 


•^1. Introduction 

The structure of lyotropic liquid crystals has been investigated in great 
detail during the two decades following the first suggestions of structural 
arrangements’-^ Among the important contributions the structure deter- 
minations by Luzzati^^, the lipid mesostructurcs by LarNson"^ and the 
numerous investigations on the liquid crystalline regions in three- 
component systems by Ekwall®. 9 especially deserve merit. Some of the 
structures of lyotropic liquid crystals and of micelles encountered in 
systems of water, ionic surfactants and amphiphiles such as alcohols arc 
presented in figure 1. 

The stability of foams’® has in general been related to the colloid 
stability of thin films'®-’^ by which the distance relations of the mutually 
independent Van der Walls’ attraction potential and the electric double 
layer repulsion potential are the dominant factors’^* ’5. 

In this article we wish to expound the influence of the introduction 
of a third phase with liquid crystalline structure on the stability of 
foams. <rhe general importance of the association of water, surfactants 
and amphijjhiles on the stability of emulsions and foams has been sugges- 
ted^ several years ago’®-*^, but the first reports in which well defined 
* and separated phases were mixed to establish the critical conditions for 
the stability are comparatively rccent^®-^^. 
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Figure 1 Different phases in the water- 
rich part of the system, water, cetyltri- 
methylammonium bromide (CTAB) and 
hexanol**. L, and L, = aqueous and 
alcohol solution. M and N = liquid 
crystalline phases. 


This article will deal with investigations on the role of the liquid 
crystal in foam stability and the application of these results to the action 
ol foam-breaking compounds. 


2. Foam stability 

2. 1 Experimental results 

The system water, hexanol ( CgOH ) and cetyl trimcthylammonium bromide 
(CTAB)^^ was used to prepare an aqueous micellar solution in equili- 
brium with a lamellar liquid crystalline phase. The three components 
with a total composition according to A, figure 1, were mixed, stored at 
30®C for five days and the two phases ( a and b, figure 1 ) separated by 
centrifugation at 500 g during 5 hr. at this temperature and mixed in 
varying proportions according to legends to figures 3 and 4. 

Foams from these mixtures were prepared by shaking in 100 ml flasks 
and thermostated at 30°C. After different times the foam from the upper 
part was collected by suction into a syringe. 

The collected material was transferred to a capillary which was sealed 
by fusion and thermostated at 30°C for 24 hr. After separation of the 
two phases by centrifugation the liquid crystalline fraction of the mixture 
was determined. The results (figure 2) showed a pronounced enrichment 
in the foam for the mixtures which were initially poor in liquid crystal 
content. Higher primary contents of liquid crystal gave lower increase 
in the foam ; even counted as relative displacement of the liquid (figure 3). 
The aqueous solution was slightly more dense than the liquid crystalline 
phase. In order to confirm that this factor had no influence on the 
relative drainage a liquid and a liquid crystal of reversed density ratio 
(figure 4) were used. Table 1 demonstrates the enrichment of the liquid 
crystal. 
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Time, hours 

Figure 2 The ratio of final volume of liquid crystalline phase in the foam to the 
liquid crystal volume in initial mixture versus time of foam storage. 

Sign X O + A Y V 

Initial volume % 1.6 4.8 7.8 12,1 23.5 36.8 



Time, hours 


Figire T The volume percentage of the initial solution which is replaced with 
liquid crystalline phase in the foam versus time. 

Sign X O + A Y V 

Initial volume % l.c. phase 1.6 4.8 7.8 12.1 23.5 36.8 
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Table 1. The volume percentage of liquid crystalline phase in the non- 
aqueous foams. Initial compositions of these samples are illustrated in 
figure 5. 


Volume % of liquid crystalline phase 

No 

Initial mixture Foams after 1 hour 


1 43.2 78-6 

2 33-1 70.6 

3 32.2 67.1 


2 . 2 Discussion 

In order to interpret the results it is necessary to observe that no 
significant increase of liquid ctystal could be observed in freshly formed 
foams ; it occurred only in foams which had experienced some drainage. 
Figure 2 demonstrates the gradual increase of the liquid crystal / liquid 
ratio with time. 

Regarding this information it is evident that the enrichment is due to 
a slower drainage of the liquid crystal than of the liquid. Knowledge of 
the locution of the liquid crystal within the foam is then essential foi 
the understanding of the liquid crystal enhancement of foam stability^^. 

Figure 5 shows a thin film, which was drawn from a mixture of a 
liquid crystal and an isotropic liquid. In figure 5b the light is polarized, 
in figure 5a not polarized. According to these photos anisotropic material 
to transmitted light was collected into the Plateau border. Considering 
this result, it appears reasonable to assume that the liquid crystal is being 
enriched at the junctions between foam lamella. The liquid crystal phase 
located at these junctions should drain more slowly than the isotropic 
liquid and serve as a reservoir at the border of the foam lamella of the 
highly concentrated surfactants of optimal composition. 


Figure 4 Compositions of mixtures for non- 
aqueous foams in the system water, p-xylene 
and octyiamine : octanoic acid (L:l) de- 
noted by B. 




'fc IkMn Cbimb the sstotme of K titpoM Mtwf tra toou^io 

(ft), sM fr<m ft Uvifai eoataJai^ 4ii««tfti4 imn^im 0t pcSfiO^ 
f^mZ.lS) fia (b). 
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The liquid crystal, being considerably more viscous than the liquid, 
may also enhance the stability of the foam in a similar manner as solid 
particles. These accumulate at the junction points of the foam ( figure 6 ) 
exerting a strong stabilizing effect by reduction of the foam drainage. 

3. Foam breaking 

It is well known that amphiphilic substances such as alcohols, esters, 
etc., with a chain length of the magnitude of ten carbon atoms arc 
efficient foam breakers^^se 

On the other hand it is also well known that alcohols, lauryl 

alcohol, serve excellently as foam stabilizers. The apparent contradiction 
of these two statements could be resolved by a systematic obseivation on 
the dependence of foam stability in the various regions in a system such 
as water, hcxanol ( C60H ) and cetyl ti imcthylammonium bromide (CTAB). 
The system (figure 7^^) contains an isotropic solution with normal micel- 
les (Li), an inotropic solution with inverse micelles ( L 2 ) two liquid 
crystalline phases of which one ( N ) has a lamcllai structure. 

The foams were prepared by shaking a volume of 5 ml of the mixture 
in a 15 ml stoppered test tube. The time lor the foam height to be reduced 
to half the height of the glass tube was determined by visual observation. 

Figure 8 describes the results schematically. When the mixture only 
contains two liquids the stability of the foam was small, the time for 
"^lalf-bfc was of (he order of 30 seconds. For those areas, where the 
lamellar liquid crystalline phase was present in additions to the two liquids 
the time was increased to a magnitude of 1 hr. Removal of the alcoholic 
solution phase increased the time further to a few hours. Mixtur.!s of the 
aqueous liquid isotropic phase and the lamellar liquid crystalline pha^-c gave 
the most stable foams of all ; half-life times of the magnitude 25-50 hr. 

The alcoholic solution and its mixtures with the liquid crystalline 
phase gave extremely unstable foams of half-life times of less than thirty 
seconds. The area between L 2 ^trid the marked areas in the aqueous 
corner did not foam. 

3 . 1 Discussion 

The results illustrated the influence of the presence of three of the phases 
in the diagram. Each of the phases had a characteristic effect which may 
be described in different terms. 

The alcoholic phase had a highly detrimental effect on the stability; 
the pure phase gave extremely unstable foams, which was also the case 
with combinations with one of the other phases. 

The ^ueous isotropic solution was essential in order to obtain a 
. stable foam. The combination with the alcoholic solution gave unstable 
foams and constituted an exception ; partly explained by the low concen- 
trations of suiiface active substance being present. 
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The liquid crystalline phase served as a stabilizer for foams in which 
the aqueous phase was present. The phase alone in combination with 
the alcoholic solution was not sufficient to give stability to the foams ; 
neither did the pure liquid crystalline phase. A black film could be drawn 
from the lamellar phase pointing to foam stability^?. The thinning process 
was however different from the thinning of a liquid film. In the latter, 
the change from a thick film to the black state takes place gradually. For 
the liquid crystalline phase the thinning was a stepwise process giving the 
black film directly. The black film did not change its thickness with time. 

A black film from the liquid crystalline phase was obtained only after 
careful and slow raising of the frame on which the film developed. It 
appears probable that the attempts to form foams from the liquid crystal- 
line phase failed because the formation of a bubble is too fast a process. 
The formation of a black film was not possible in the highly perturbed 
environment of a foaming process. 

Summarizing the results an explanation can be formed for the fact 
that alcohols of medium chain length may serve both as stabilizers and 
breakers for foams. 

In the first function they arc added in such a small amount that the 
alcohol-surfactant ratio still is less than what corresponds to the liquid 
crystalline phase in figure 9. The formation of a liquid crystalline phase 
^ill enhance the foam stability. 

If on the other hand the foam breaker is added dropwise to the foam 
as the pure alcohol or as the alcoholic solution the foam will break. The 
reason for this is that the site where the drop touches the foam will be 
transformed to an alcoholic solution since the local alcohol-surfactant 
ratio will be higher than what corresponds to the liquid crystalline phase 
(Region A, figure 9). The breaking of the foam will take place at that 


Alcohol 



abovj line A ; as foam stabilizers lie below line B. 
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site, surrounding bubbles will break from the perturbation caused by the 
first and the process will continue until the surfactant-^alcohol ratio is 
sufficiently large corresponding to the region B in figure 9. 

This process has been observed experimentally in a foam; the results 
will be reported elsewhere. 
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Abstract. The electro-optical characteristics of twisted nematic cells 
are described. Studies have been carried out on a 90° twisted cell 
as well as off 90° twisted cells. The materials used in these experi- 
ments were nematics of positive dielectric anisotropy. A device with 
a 90° twist is shown to allow over twenty different combinations of 
alphanumerics and background colors by changing the combination of 
a neutral-color polarizer and colored polarizers which have dichroism. 
Off 90° twisted nematic devices are shown to reveal a voltage control- 
lable color formation using a pair of neutral color polarizers. 


Ji. Introduction 

Several display devices using twisted nematic ( TN ) structure arc described 
in the literature**"*^. According to these authors, it is shown that the 
TN device has advantages in that the operation voltage and power 
consumption are lower as compared with those of the dynamic scattering 
( DS ) mode^, and that the view angle is wider as compared with that 
of a field effect device using n-type materials®*"*®. 

In a previous paper the authors showed that two different modes of 
multi-color formation are available using TN devices**. In the present 
paper, more detailed descriptions of multi-color formation using TN 
devices are given. 

2. Description of device panels 

The twisted nematic devices utilize a thin layer of nematic material 
with positive dielectric anisotropy ; in practice, an example of LC material 
used in our devices was a room temperature mixture of MBBA, EBBA 

and BBCA in weight proportions 3:2: 1. 

• 

The ^esired wall orientation was obtained by the method of a 
combination of surfactant treatment and rubbing ; this procedure determines 
the quality of single crystallinity of the aligned liquid crystals, and 
consequently ^he quality of the displayed numbers or symbols. 
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In the ordinary TN devices, the orientation of molecules at the 
surface of the electrodes differs by 90°. Besides this, off 90° twisted 
devices were tried ; in these cases, the twist angles were chosen to have 
an arbitrary value from 0° to 80°. 


3. Performance of multi-color display devices with 90° twisted nematics 

It is known that ihe observed threshold voltages of the TN devices are 
material dependent^; the threshold and saturation voltages of the above- 
mentioned mixture were 2 and 6 volts, respectively. 

In figure 1 some examples of multi-color LC indications for electronic 
digital clocks are shown. All the figures shown in figure 1 are the 
pictures of the TN-LC panels with a 90° twist operated in a transmission 
mode using a white light source. The applied voltage was 6V ( ac 5 kHz, 
rms). 

All the figures in figure 1 except (A) and (A') are bi-colors. A 
mono-color indication as shown in figure 1 (A) and (A') is realized by 
combining a neutral-color polarizer with a dichroic polarizer ; the spectral 
transmission of this combination is shown in figure 2. In a real device 
as shown in figure 1(A) and (A') the difference of transmission curves 
denoted as crossed and parallel corresponds to on-off of the application 
of the field. In figure 1 (A) and (A') the relative directions of the 
two polarizers are parallel, and crossed respectively. 

As a reference, in figure 3 is shown the spectral transmission of a 
pair of neutral-color polarizers which have similar characteristics as those 
of the polarizers used in the indication. Characteristics of the neutral- 
color polarizers are not ideal since they show a blue color when crossed, 
and transmission in parallel condition is not sufficient. Ideally, they 
must show true black and white colors. For real display purposes, improved 
neutral-color polarizers must be used. 

The bi-color indications as shown in figure 1 ( B ) - ( F ) and ( B' ) - ( F' ) 
arc realized by combining a neutral-color polarizer with composite-color 
polarizers which arc made from two crossed-dichroic polarizers having 
different colors. An example of spectral transmission of a combination 
of a neutral-color polarizer and a composite-color polarizer is shown in 
figure 4. This combination was used for the bi-color indication shown 
in figure 1 (C) and (C'l; when the direction of the neutral-color 
polarizer coincides with that of a green polarizer, say, then the indicated 
color is red at zero field, and is switched to green by the application of 
the field, and vice versa. 

In a similar way many different mono-color and bi-color indications 
are available for display by choosing different color polarizers. 
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Figure 2 Spectral transmission of a combination of a neutral- color polarizer and 
mono-color polarizer which has dichroism. Polarizers neutral color -Red. 



Figure 3 Spectral transmission of a pair of neutral-color polarizers. Polarizers 
neutral color- Blue. 

In a real TN device, the liquid crystal film itself shows faint colors 
during turn-off time and when it is observed in a direction off-normal to 
the panel^* This phenomenon may be explained by considering the 

birefringence of the liquid crystal medium. Therefore real color of a TN 
panel is a composition of the above-mentioned color of polarizers and 
that of the LC layer itself. 

Other electro-optical characteristics arc as follows : the turn-on time 
and turn-off time of a TN device are 20 ms and 60 ms respectively at 
room temperature ; over 15,000 hours of continuous operation has been 
proved, the •power consumption of a cell was shown to be about 0.5 Mw/cm^, 
and the view angle is 100° or more. These values are compatible with 
the requirements of the display panels of watches, clocks, calculators and 
other indicators. 
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Figure 4 Spectral transmission of a combination of a neutral-color polarizer and 
a compos itc-dichroic-color polarizer. This combination is used for the 
indication shown in figure 1 (C) and (C). Polarizers, neutral color 
Red green. 


Rubbing direction 



Figure 5 Voltage controllable color formation with a twisted nematic, p-type 
nematic material is twisted by 10*, Operated by an ac 5kH2 field. 


4. ChtracterUtics of tolttge controlltble color formotion twisted 
nemotlc panels 

In figures 5-8 is shown transmission of monochromatic light beam through 
the off 90* twisted nematic panels versus applied voltage ( ac 5 kHz, rms ). 
Twist angles arc increased systematically from figure 5 to figure 8. 
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Rubbing direction 



Figure 6 Voltage controllable color formation with a TN cell. Twist angle 50^ 


Rubbing direction 



Figure *7 ^ Voltage controllable color formation with a TN cell. Twist angle 70®. 
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Rubbing direction 







Polarizers crossed 



Figure 8 Voltage controllable color formation with a TN cell. Twist angle 80*. 


The LC material used in these measurements is a p-type material 
described in section 2. Except in the case of figure 5, the thickness of • 
the cell is 10 yum. 

The wavelengths of the three light beams are 650, 534 and 456 nm 
corresponding to red, green and blue. A pair of crossed-neutral polarizers 
was used. 

By comparing figures 5-8, it is clear that the most distinct voltage 
controllable color formation is possible by choosing the twist angles to 
be below 10®. By this way, it is possible to reveal more homogeneous 
and larger area patterns as compared with the DAP device®"^®. 

The order of the appearance of the colors is red-green~blue in 
figures 5-8 ; on the other hand, this appearance is inverted in the case 
of field effect devices with n-type material®"**®. This difference can be 
illustrated by considering the difference in the initial conditions of each 
mode. 

According to independent experiments, many maxima and minima in 
the data of the light transmission vs applied voltage were recogniiied when 
the content of p-type material was increased. 

As the twist angles are increased the transmission below threshold 
increases and the color formation becomes faint. 
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The cases for which twist angles are between 80° and 110° are almost 
equivalent to the ordinary TN device with a 90° twist described in the 
previous section. In order to get homogeneous and clear pattern indication 
in a TN device, the present authors sometimes adopted a 80° twist device. 
The advantage of this is believed to outweigh the disadvantage that a 
certain small amount of the transmission and color formation is seen 
even in the saturation region, i.e., above 6 volts in figure 8. 
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is larger along the long axis, the material is referred to as positive, and on 
the other hand, if it is greater at right angles, it is referred to as negative. 

The effect of molecular alignment must be overcome before we can 
distort a liquid crystal with an electric field. The electric field at which 
this occurs is 

where d is the distance between electrodes, Ac the dielectric anisotropy 
and k the elastic constant. 

Of practical interest is the fact that for parallel electrodes, the thres- 
hold value for the field reduces to an applied voltage, which is expressed 


K = ttI 


Thus, variations of the thickness in the layer will not affect the uniformity 
of the device. If the spacing between two parallel electrodes had to be 
very closely controlled, this would severely limit the applications of 
nematic liquid. In this case nature has been fortuitous to allow rather 
large deviations in the flatness and parallel construction. 


The pure field effect in liquid crystals allows modulation of light in a 
number of ways. If a nematic layer is oriented parallel to the surfaces of 
a pair of conductive transparent glass plates and when such a cell is placed 
between linear crossed polarizers such that the aligned direction is at 45® 
to the polarizer, we will get maximum transmission. If this material is 
positive, that is, the director tends to align parallel to the applied field, 
the transmission will be a maximum for zero field and will be reduced by 
the application of a field. 


Test devices of this type have been built which show a variable bire- 
fringence and traverse the total range of colors on applying 25 volts 
(figure 1). For use in this application, the electrical resistivity of the 
material should be as high as possible. Increase in sensitivity can be made 
by increasing the dipole moment along the long axis, and decreasing the 
elastic constant. The same effect can be obtained by using an electrically 
negative material aligned perpendicular to the electrodes. In this case, 
there is almost no way predicting the direction which the liquid crystals 
will bend out the field direction. Therefore linear polarizers do not 
always give the best results. 


By rubbing plates in suitable directions it is possible to produce 
twisted nematics with any desired angle of twist^» The mechanism is 
simply that the liquid crystal is elastically deformed by the surface cons- 
traints such that the director of the nematic material is oriented in a 
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Figure 1 Relative retardation of a parallel oriented liquid crystal film 37 microns 
thick. 


helical manner. By application of a field parallel to the twist axis, the 
direction of the molecules at the centre of the sample can be made to 
become parallel to the twist axis. This occurs at a very sharp level and 
we have a resulting bilevel operation. 

If such a device with a 90® twist is placed between parallel polarizers 
no light will be transmitted at zero voltage and it will be equivalent to 
two crossed polarizers. When an electric field is applied to the device the 
structure will untwist at a well defined voltage and allow light transmis- 
sion. If, however, the same device is placed between crossed-polarizers, 
then at zero voltage, light is transmitted and the polarizers will effectively 
act as though they are parallel. However, with the application of a critical 
voltage, the plane of polarization will no longer be rotated 90® and no 
light will be transmitted. Thus, we have a device which will act as a 
shutter for transmitted light. In figure 2, curves show typical transmission 
as a function of voltage for bilevel display. 

Typical twisted nematic LCD 

The mechanism involved in the operation of a twisted nematic liquid 
.crystal display^ is shown in figure 3. The construction of the cell involves 
a thin (6-10 /dm) layer of room temperature nematic liquid crystal 
mq^erial wi^i a positive dielectric anisotropy. The uniform alignment 









557 


Twisted nematic liquid crystals and field effect displays 

of the liquid crystal on the inner surfaces of the conductive transparent 
glass plates is achieved by treating the latter with special coatings. By 
this procedure a uniform alignment of the liquid crystal parallel to the 
walls is obtained. The display is assembled in such a way that the align- 
ment direction on the front plate is at right angles to that on the back 
plate. The cell thus obtained has the liquid crystal medium in the form 
of 90° twist and has the ability of rotating linear polarized light by 90*. 
Application of dc or ac electric field causes the liquid crystal medium to 
untwist and become parallel to the field, thus reducing the rotation 
practically to zero. By having crossed or parallel polarizers on the display, 
when the electric field is applied, one can either have normally open or 
closed display. 

Speed of response 

The speed of response of a field effect liquid crystal display depends on 
the applied voltage, the viscosity, the thickness and the elasticity of the 
liquid crystal film. Of these variables the elasticity and the viscosity arc 
material parameters and are the concern of the chemist. These parameters 
change with the temperature and the direction of alignment of the liquid 
crystal. 

The variable of concern to the circuit designer is the applied voltage 
and to the display designer it is the thickness of the liquid crystal film. 
In figure 4 we have shown the response of a liquid crystal \o various 
square wave impulses. The liquid crystal used is a proprietary material 
FELIX 10. In the case of five volts as applied voltage, we never achieve 
maximum extinction and have a slow turn on and turn off as would be 
expected from figure 2. Of major interest in design is the ability to 
control the turn on time with a steep pulse and a properly chosen wave 
form which will decrease the turn off time. This assumes however, that 
the device is not designed for any special application of the user. 

In most cases by varying the thickness of the display a considerable 
range of response times can be obtained. Basically the sacrifice which 
occurs will be in length of life since the thinner the device the higher 
the fields impressed across it will be. However, we have seen earlier th*e 
voltage for the threshold does not change. The dependence on thickness 
goes as the square of the electrode spacing and therefore we can get a 
response time four times faster with a film which is half the thickness. 
A practical limit at this time precludes liquid crystals thinner than 
1 micron from being used for display. However, this allows rise times of 
1 millisecond to be attained. 

• 

Voltage^ 

• The turn on voltages for all field effect liquid crystals is a function of the 
relative dielectric anisotropy. This, of course, is a function of the parti- 
cular liquid crystal material used. Recently some low melting point 
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Figure 4 Optical transmission as a function of time for an applied 1 kHz square wave 
pulse for a period of 350 milliseconds on a bilevel shutter 12 microns thick. 


biphenyl compounds of positive anisotropy® have been reported. Measure- 
ment of electrical resistivity^ on some of these compounds is in the range 
of 10^-10* ohm cm. and it has been further observed^ that the resistivity 
values change erratically, though these changes did not cause any damage 
to the device performance. 

In our laboratory we have found that it is possible to have thresholds 
?s low as 0«7 volt. There is no true theoretical limit for the threshold 
voltage. However, there are a number of practical limitations. The 
principal one is the non-availability of organic materials with the appro- 
priate dielectric anisotropy necessary for the low threshold of voltages. 
From a materials standpoint, we can postulate a range of threshold 
voltages determined by the properties of materials which go from infinity 
to an arbitrarily low voltage. From a practical standpoint this may be 
in the neighbourhood of 0*5 to 0*7 volts. For this type of material it 
would be easy to operate from l-J logic. 

Power requirements 

One of the most intriguing aspects of the field effects are their low 
power requirements. In most practical applications it is cdesirable • to 
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reduce the material conductivity and therefore the leakage current to a 
minimum. In the field effect device the interaction with the liquid crystal 
is a pure field effect and therefore leakage current is undesirable. By going 
to very high electrical resistivities, a number of factors become apparent. 
The principal one is that the charging of the capacitor elements is the 
major contribution of current. Liquid crystal devices have been built 
using FELIX 10 which have RC time constants of 30 seconds or greater. 
Our extrapolated values for these materials indicate that we would be able 
to achieve 10*^ ohm cm. resistivity and therefore time constants of 30 
minutes or longer which would make practical stoiage devices, Thus, the 
dielectric storage in the capacitor would allow us to update information 
only as it changes. The obvious applications of such a device arc in any 
device which requires ultra low power and conservation of logic. In 
production, displays which have currents as low as 0*5 nanoamps for a 
0«4' high digit have been constructed. 


Conclusions 

/ 

The field effect liquid crystal displays are now ready for application. Many 
of the early problems which have confronted all liquid crystal displays 
have become considerably less important with a field effect display. 
Combinations of lower power and lower voltage make it possible to 
envisage a whole line of new devices based on the interactions of nematic 
liquid crystals with electric fields. 

Liquid crystal displays utilizing field effect technology are commercially 
available in many different sizes for a variety of purposes. Some photo- 
graphs of these are shown in Plate 1. 
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